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ABTS Ácido 2,2’-azino-bis (3-etilbenzotiazolin-6-sulfónico)  
ACS Acetosiringona 
AOX Compuestos orgánicos halogenados adsorbibles (“adsorbable organic halogen”) 
AQ Antraquinona 
BSTFA N,O-bis-(trimetilsilil)-trifluoroacetamida 
C Desplazamiento químico del carbono 
H Desplazamiento químico del protón 
DBO Demanda biológica de oxígeno 
DCM Diclorometano 
DMAC Dimetilacetamida 
DTPA Ácido dietilentriaminopentaacético  
2D-NMR   Espectroscopía de Resonancia Magnética Nuclear bidimensional 
3D-NMR   Espectroscopía de Resonancia Magnética Nuclear tridimensional 
ECF Secuencia de blanqueo libre de cloro elemental (“elemental chlorine free”) 
EPA Agencia de protección medioambiental de EE.UU. 
FAO Organización de las Naciones Unidas para la Agricultura y Alimentación (“The
Food and Agriculture Organization of the United Nations”) 
FID Detector de ionización de llama (“flame ionization detector”) 
FTIR Espectroscopía infrarroja de transformada de Fourier (“Fourier transform 
infrared spectroscopy”) 
G Unidad guayacilpropano (o guayacilo) 
GC Cromatografía de gases (“gas chromatography”) 
GC/MS Cromatografía de gases/espectrometría de masas (“gas chromatography/mass 
spectrometry”) 
H Unidad 4-hidroxifenilpropano (o 4-hidroxifenilo) 
HBT 1-Hidroxibenzotriazol  
HMBC Espectroscopía 2D de correlación de múltiples enlaces (“heteronuclear multiple 
bond correlation”) 
HSQC Espectroscopía 2D de correlación heteronuclear de cuanto simple 
(“heteronuclear single-quantum correlation”) 
ICP-OES Espectrometría de emisión óptica con plasma acoplado inductivamente 
(“inductively coupled plasma-optical emission spectrometry”) 
ID Diámetro interno (“internal diameter”) 
ISO Organización Internacional para la Estandarización, Documentación e 
Información (“International Organization for Standardization”) 
ITD Detector de trampa de iones (“ion trap detector”) 
L Etapa lacasa-mediador (en secuencia de blanqueo) 
L/Q Etapa de quelato incluyendo lacasa-mediador (en secuencia de blanqueo) 
LM Lámina media 
MTBE ter-butil metil éter 
Mw Masa molecular (“molecular weight”) 
MWL Lignina de madera molida (“milled wood lignin”) 
NMR Espectroscopía de Resonancia Magnética Nuclear (“nuclear magnetic 
resonance”) 
O Etapa de deslignificación con oxígeno (en secuencia de blanqueo) 
P Pared primaria  
PCA Ácido p-cumárico 
PoP Doble etapa de blanqueo con peróxido de hidrógeno, la primera bajo oxígeno 
presurizado 
ppb Partes por billón 
ppm Partes por millón 
Py-GC/MS Pirólisis acoplada a cromatografía de gases/espectrometría de masas (“pyrolysis-
gas chromatography/mass spectrometry”)  
Q Etapa de quelato (en secuencia de blanqueo) 
rpm Revoluciones por minuto 
S Unidad siringilpropano (o siringilo) 
SAD  Siringaldehído 
SPE Extracción en fase sólida (“solid phase extraction”) 
TCF Secuencia de blanqueo totalmente libre de cloro (“totally chlorine free”) 
TMP Pasta termomecánica (“thermomechanical pulp”) 
TMSD Trimetilsilildiazometano 
TMSi Trimetilsililo 
U Unidad de actividad enzimática 
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 RESUMEN
La madera de eucalipto constituye una materia prima excepcional para la obtención de pasta de 
celulosa a nivel mundial. En concreto, la especie Eucalyptus globulus es una de las más preciadas 
en la elaboración de pasta kraft debido a su elevado rendimiento, siendo la Península Ibérica, por 
sus condiciones climáticas, una de las regiones donde esta especie crece en condiciones óptimas. 
Sin embargo, otras especies de eucalipto (E. nitens, E. maidenii, E. grandis y E. dunnii) también se 
utilizan habitualmente en la industria papelera. En la presente Tesis se plantea el estudio detallado 
mediante el empleo de diversas técnicas analíticas incluyendo GC-MS, Py-GC/MS y 2D-NMR de 
la composición química de la madera de estas cinco especies de eucalipto, poniendo especial 
énfasis en la composición de los lípidos y lignina, así como en la evolución de estos componentes 
durante los procesos de cocción y blanqueo. La importancia de la fracción lipofílica radica en que 
ésta es la responsable de la formación de los denominados depósitos de pitch durante la fabricación 
de pasta y papel, que reducen drásticamente la calidad del producto final, provocando importantes 
pérdidas económicas. Por otra parte, tanto el contenido como la composición y estructura de la 
lignina influyen decisivamente en el proceso de deslignificación, y por tanto afectan tanto a las 
condiciones de cocción como al blanqueo de la pasta. Finalmente, se han estudiado aplicaciones 
biotecnológicas que permitan eliminar tanto la lignina residual de las pastas como los extraíbles 
lipofílicos responsables de los depósitos de pitch, mediante el uso de preparados enzimáticos. 
Los resultados obtenidos ponen de manifiesto que las maderas de estas cinco especies de 
eucalipto se caracterizan por su bajo contenido en lípidos (0.3-0.6%) y lignina (18-22%), siendo la 
especie E. globulus la que presenta el menor contenido en ambos componentes. Los compuestos 
lipofílicos más abundantes en las maderas de eucalipto estudiadas son los esteroles libres y 
conjugados (en forma de ésteres y glicósidos), así como cantidades menores de ácidos grasos y 
monoglicéridos. Se identificaron además unas series de ésteres de tocoferoles nunca antes descritas 
en maderas de eucalipto.  En cuanto a las ligninas, todas ellas presentan una mayor proporción de 
unidades de tipo siringilo (S) que de tipo guayacilo (G), lo que las hace fácilmente deslignificables 
debido a la mayor reactividad de las unidades tipo S en medios alcalinos, siendo la mayor relación 
S/G para la especie E. globulus. Los principales enlaces entre las unidades de lignina son los de 
tipo alquil aril éter -O-4’ (ca. 80%), seguidos por enlaces de tipo -’/-O-’/-O-’ (resinol), 
mayoritariamente formado por siringarresinol (ca. 10%), junto con porcentajes menores de enlaces 
-5’/-O-4’ (fenilcumarano) y -1’/-O-’ (espirodienona). La elevada proporción de enlaces 
alquil aril éter -O-4’ que se encuentra en la lignina de la especie E. globulus, junto a su mayor 
relación S/G, hace que su madera sea la más fácilmente deslignificable durante la cocción kraft. 
Durante la cocción kraft de la madera de E. globulus se produce la eliminación de una gran parte 
de la fracción lipofílica, sin embargo ciertos compuestos, tales como los esteroles libres y 
conjugados (ésteres y glicósidos de esteroles), permanecen en gran medida intactos en la pasta, 
siendo los principales responsables de la formación de depósitos de pitch. En cuanto a la lignina, 
durante la cocción se degrada y disuelve mayoritariamente. La lignina que permanece en la pasta 
(lignina residual) se caracteriza por ser muy similar a la lignina nativa de la madera, con un 
predominio de subestructuras -O-4’, seguido de siringarresinol y fenilcumarano, mientras que la 
lignina que se disuelve (lignina kraft) es muy diferente, presentando un porcentaje muy bajo de 
estructuras -O-4’ y un mayor predominio de estructuras de tipo siringarresinol, encontrándose más 
oxidada y con una mayor relación S/G. Las mayores modificaciones estructurales de la lignina 
residual tienen lugar durante el proceso de blanqueo, obteniéndose una lignina constituida 
básicamente por subestructuras -O-4’, con una mayor proporción de carbonilos conjugados y una 
mayor relación S/G. 
i
  
Finalmente, se estudiaron aplicaciones biotecnológicas, basadas en el uso de enzimas, para la 
eliminación tanto de la lignina residual de las pastas como de los extraíbles lipofílicos responsables 
de los depósitos de pitch. Los resultados obtenidos ponen de manifiesto que el sistema enzimático 
compuesto por la lacasa del hongo Pycnoporus cinnabarinus y el mediador sintético HBT muestra 
una gran eficacia para eliminar la lignina residual de la pasta y los lípidos presentes en la misma. 
Este sistema enzimático resulta muy eficaz cuando se introduce como una etapa intermedia en una 
secuencia de blanqueo TCF (O-O-L-Q-PoP), obteniéndose pastas con una blancura más elevada y 
un índice kappa más bajo (menor contenido en lignina residual) que las obtenidas en dicha 
secuencia química sin enzima. La aplicación de este sistema enzimático consigue además una 
eliminación total de los esteroles libres y conjugados que sobreviven a la cocción kraft, y que son 
los principales responsables de la formación de depósitos de pitch. Sin embargo, y debido a que el 
mediador HBT presenta una serie de inconvenientes (toxicidad potencial y coste elevado), se 
realizaron diversos estudios con el fin de encontrar mediadores alternativos. Entre los distintos 
compuestos ensayados como mediadores de la lacasa en reacciones de deslignificación y 
eliminación de lípidos de la pasta, se utilizaron varios compuestos fenólicos relacionados con la 
lignina (mediadores “naturales”), resultando ser el siringaldehído y la acetosiringona los 
mediadores con los que se obtuvieron los mejores resultados. Este sistema enzimático para el 
control de los depósitos de pitch se ha patentado y licenciado a la empresa danesa Novozymes, 
líder mundial en producción y comercialización de enzimas industriales. 
La presente Tesis incluye los siguientes apartados: i) una introducción general acerca de la 
estructura y composición química de la madera, de los procesos de pasteado y blanqueo, y de los 
problemas causados por la lignina y los lípidos, así como de las principales soluciones 
biotecnológicas aplicadas en la producción de la pasta de papel; ii) los objetivos que se han 
perseguido en la Tesis; iii) una descripción detallada de los materiales y métodos utilizados; iv) los 
principales resultados obtenidos y la discusión de los mismos, que se presentan en forma de 
publicaciones; v) las principales conclusiones obtenidas; y finalmente vi) las referencias citadas a 
lo largo de la Tesis. 
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1. INTRODUCCIÓN

1. Introducción 
1.1.   COMPOSICIÓN Y ESTRUCTURA DE LA MADERA 
Las propiedades físicas, químicas y mecánicas de la madera han hecho de ella desde la 
antigüedad una de las principales materias primas en diferentes campos de la actividad humana. 
Utilizada a lo largo de la historia para construir embarcaciones, viviendas, muebles y vehículos, se 
ha convertido también en fuente de obtención de productos tales como carburantes y pasta de 
papel. Y es precisamente en este último sector donde este material natural renovable de amplias 
aplicaciones es la principal materia prima. 
La madera se obtiene de los árboles, plantas vasculares pertenecientes al grupo taxonómico de 
las Spermatophytae, que se divide en gimnospermas y angiospermas. Los árboles de coníferas 
pertenecen a la primera categoría, mientras que los árboles de frondosas pertenecen a la segunda 
(Sjöström 1993). Independientemente de la especie de árbol de la que se obtenga, el tejido de la 
madera está constituido por células (fibras) que presentan paredes celulares. Estas paredes se 
caracterizan por ser estructuras complejas y semirrígidas constituidas por microfibrillas de celulosa 
que forman un esqueleto rodeado de otras sustancias que actúan como matriz (hemicelulosas) y 
material incrustante (lignina) (Sjöström 1993; Fengel y Wegener 1984; Fujita y Harada 1991). La 
pared celular de las fibras (Figura 1) consta de tres partes fundamentales y bien diferenciadas: la 
lámina media (LM) o sustancia intercelular, la pared primaria (P) y la pared secundaria (S) (Kerr y 
Bailey 1934). En tejidos leñosos la lámina media se caracteriza por presentar altas concentraciones 
de lignina y un espesor de 0.2-1.0 m. La pared primaria es normalmente delgada (0.1-0.2 m), 
mientras que la pared secundaria, siguiente a la pared primaria en orden de aparición, generalmente 
consta de tres capas con propiedades físicas y químicas diferentes, que se denominan de afuera 
hacia adentro, capa externa (S1) de 0.2-0.3 m de espesor, capa media o central (S2) con un espesor 
de 1-5 m y capa interna (S3) con un espesor alrededor de 0.1 m. Estas capas difieren con 
respecto a su espesor, estructura, composición química y orientación de las microfibrillas de 
celulosa con respecto al eje de la fibra (Sjöström 1993).  
LM
S1
P
S2
S3
LM
LM
Figura 1. Estructura simplificada de una fibra de madera donde se muestra la lámina media (LM), la pared primaria (P) 
y las capas externa (S1), media (S2) e interna (S3) de la pared secundaria. Adaptado del modelo de Côté (1967).   
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En cuanto su composición, la pared celular posee tres polímeros mayoritarios: celulosa, 
hemicelulosas y lignina, variando los porcentajes de cada uno de ellos con el tipo de planta, la edad 
o la parte del tejido vegetal de donde provengan (Fengel y Wegener 1984; Sjöström 1993). Además 
de estos polímeros existen otros compuestos en menor proporción y que se pueden clasificar en 
extraíbles (hidrofílicos y lipofílicos) y compuestos minerales. 
1.1.1. Celulosa
La celulosa es el constituyente principal de la madera, representando entre un 43 y un 47% en 
maderas de coníferas y entre un 42 y un 44% en maderas de frondosas (Aitken et al. 1988). 
Estructuralmente es un polímero lineal formado por unidades de -D-glucopiranosa unidas entre sí 
por enlaces glicosídicos  (14) (Figura 2). Durante la formación de este enlace, la posición  de 
los grupos hidroxilos en el C1 necesita un giro de 180º de la siguiente molécula de glucosa 
alrededor del eje C1-C4 del anillo piranósico, por lo que la unidad que se repite en las cadenas de 
celulosa es la celobiosa (disacárido), con una longitud de 1.03 nm (Sjöström 1993).  
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O
OH
OH
HOO
OH
OH
O
O
O
OH
OH
HOO
OH
OH
OHO
OO
HO
Figura 2. Estructura de la celulosa 
 
Las moléculas de celulosa son completamente lineales y presentan una fuerte tendencia a formar 
puentes de hidrógeno intra e intermoleculares. Estas uniones hacen que las moléculas de celulosa 
se unan dando lugar a la formación de microfibrillas, y la unión de éstas entre sí a la fibra de 
celulosa, cuyos agregados forman la pared celular (Lennholm y Henriksson 2007). La celulosa se 
concentra fundamentalmente en la capa S2 de la pared secundaria y su grado de polimerización es 
de al menos 15000 (Brett y Waldron 1996). 
1.1.2. Hemicelulosas 
 La fracción hemicelulósica representa entre un 25 y un 30% de la madera en especies de 
coníferas y entre un 20 y un 43% en la madera de frondosas (Aitken et al. 1988). Se encuentran a 
lo largo de la pared celular, desde la lámina media hasta la capa S3 de la pared secundaria; siendo 
más abundantes en las capas S1 y S3 y hallándose en menor proporción en la capa S2.  Actúan junto 
con la lignina como matriz soporte para las microfibrillas de celulosa en la pared celular. 
Estructuralmente las hemicelulosas son polisacáridos ramificados constituidos por una cadena 
lineal de monosacáridos unidos principalmente por enlaces  (1 4) y en algunos casos  (1 3), 
a la cual se unen cadenas laterales cortas, a menudo de azúcares distintos a los de la cadena 
principal. La mayoría de las hemicelulosas presentan un grado de polimerización de sólo 200 
(Sjöström 1993). Los monosacáridos que las constituyen (Figura 3) incluyen pentosas (D-xilosa y 
L-arabinosa), hexosas (D-glucosa, D-galactosa, L-galactosa, D-manosa, L-ramnosa y L-fucosa) y 
ácidos urónicos (ácido D-glucurónico y ácido D-galacturónico). En comparación con la celulosa, las 
hemicelulosas poseen menor masa molecular y son más fáciles de disolver y degradar. 
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Figura 3. Monosacáridos componentes de las hemicelulosas (Fengel y Wegener 1984).  
A diferencia de la celulosa, cuya estructura es la misma en los diferentes tipos de madera y otros 
materiales lignocelulósicos, en las hemicelulosas existe una considerable variación entre las 
diferentes especies. En las maderas de frondosas se encuentran principalmente hemicelulosas con 
unidades de cinco átomos de carbono (pentosanos) como los xilanos (Figura 4), donde la cadena 
principal está constituida por unidades de xilopiranosa unidas mediante enlaces  (1 4) (Fengel 
1989; Sjöström 1993; Shimizu 2001). En las coníferas abundan más las hemicelulosas con 
unidades de seis carbonos (hexosanos) como los glucomananos que se forman por polimerización 
de unidades de manosa y glucosa. 
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 Figura 4. Estructura y fórmula abreviada del O-acetil-4-O-metilglucurono--D-xilano (Sjöström 1993). 
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1.1.3. Lignina
La lignina es el segundo polímero orgánico más abundante en la superficie de la Tierra 
representando entre un 25 y un 33% en madera de coníferas y entre un 18 y un 34% en madera de 
frondosas (Aitken et al. 1988), y se caracteriza por ser una de las moléculas orgánicas más 
recalcitrantes. Este componente de la madera, que se concentra fundamentalmente en la lámina 
media, realiza múltiples funciones que son esenciales para la vida de las plantas, entre las que 
destacan su importante papel en el transporte interno de agua, nutrientes y metabolitos, el 
proporcionar rigidez a la pared celular y actuar como puente de unión entre las células de la 
madera, creando un material que es notablemente resistente a los impactos, compresiones y 
flexiones (Chabannes et al. 2001; Jones et al. 2001). Además, juega un papel importante en la 
defensa de la planta frente a patógenos (Sarkanen y Ludwig 1971).  
Desde el punto de vista estructural, se trata de un polímero aromático tridimensional sintetizado 
a partir de la fenilalanina (Figura 5) a través de la ruta de los ácidos cinámicos (Higuchi 1997; 
Boerjan et al. 2003). De esta forma se sintetizan los alcoholes p-cumarílico (4-hidroxicinamílico), 
coniferílico (4-hidroxi-3-metoxicinamílico) y sinapílico (4-hidroxi-3,5-dimetoxicinamílico) (Figura 
6 I, II y III), que actúan como precursores de la lignina (Erdtman 1933; 1957; Freudenberg y Neish 
1968; Adler 1977). Recientemente, se ha descrito la existencia de unidades de lignina aciladas 
derivadas de los correspondientes alcoholes p-hidroxicinamílicos acetilados o p-cumaroilados 
(Figura 6 IV y V) en plantas herbáceas (del Río et al. 2004; 2007). Además de estos nuevos 
monómeros, en los últimos años se han ido descubriendo otros más, incluyendo compuestos 
hidroxilados en el C3 o en el C5 (Figura 6 VI) y aldehídos (Figura 6 VII)  derivados de los 
alcoholes p-cumarílico, coniferílico y sinapílico, aunque siempre se han hallado en cantidades 
trazas o bien en especies modificadas genéticamente como las CAD-deficientes y las COMT-
deficientes (Ralph et al. 1997; 1998; Sederoff et al. 1999).  
La síntesis de la lignina comienza con la deshidrogenación enzimática de los alcoholes p-
hidroxicinamílicos para formar radicales libres de tipo fenoxilo, estabilizados por resonancia 
(Figura 7). La deshidrogenación consiste en una reacción de transferencia de un electrón catalizada 
por peroxidasas o lacasas en presencia de peróxido de hidrógeno u oxígeno, respectivamente 
(Freudenberg y Neish 1968; Adler 1977; Baucher et al. 1998; Boerjan et al. 2003; Ralph et al. 
2004a). A continuación, tiene lugar el acoplamiento de estos monolignoles radicales entre sí y con 
el polímero creciente de lignina, a través de un intermedio de reacción denominado metiluro 
quinónico, el cual reacciona a su vez con agua, grupos fenólicos o polisacáridos (Freudenberg y 
Neish 1968) recuperándose la aromaticidad en los anillos (Figura 8). El enlace más favorecido por 
cuestiones energéticas es aquel en el que se encuentran involucrados la posición  del monolignol 
radical y el radical fenoxilo del polímero de lignina creciente, dando lugar a la formación de un 
enlace de tipo -O-4’ (Figura 8). Sin embargo, es de resaltar que el proceso de polimerización no se 
conoce con exactitud en la actualidad y está siendo motivo de controversia entre científicos que 
defienden que la formación del polímero de lignina es un proceso controlado por proteínas 
(denominadas proteínas dirigentes) (Davin y Lewis 2000; Lewis 1999) y otros que defienden que 
se trata de un proceso flexible, bajo un control exclusivamente químico (Ralph et al. 2004a; 2007; 
2008; Sederoff et al. 1999).  
Independientemente de cómo transcurra el proceso de polimerización, la composición de la 
lignina varía con el tipo de planta. La lignina de coníferas se forma mayoritariamente a partir del 
alcohol coniferílico (produciendo únicamente unidades de tipo G), mientras que la lignina de 
frondosas se sintetiza a partir de los alcoholes coniferílico y sinapílico, produciendo unidades de 
tipo G y S, respectivamente (Sarkanen y Hergert 1971). 
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Figura 5. Ruta biosintética  de la lignina en angiospermas (Boerjan et al. 2003). La ruta en azul es la más favorecida. 
Las enzimas que intervienen en esta ruta biosintética son las siguientes: Fenilalanina amonio liasa (PAL), cinamato-4-
hidroxilasa (C4H), 4-cumarato CoA ligasa (4CL), cafeico O-metiltransferasa (COMT), cinamoil CoA-reductasa (CCR), 
cafeoil CoA-3-O-metiltransferasa (CCoAOMT), cinamil alcohol deshidrogenasa (CAD), ferulato-5-hidroxilasa (F5H), 
sinapil alcohol deshidrogenasa (SAD), p-cumarato-3-hidroxilasa (C3H). 
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Figura 6.  Estructuras de compuestos monoméricos encontrados en el polímero de lignina: Alcohol p-cumarílico 
(I), alcohol coniferílico (II), alcohol sinapílico (III), derivados acetilado (IV) y p-cumaroilados (V) de los alcoholes 
anteriores, alcohol 5-hidroxiconiferílico (VI) y los aldehídos correspondientes a los tres primeros alcoholes (VII). 
El tipo de unidades presentes en la lignina, así como los tipos de unión entre las mismas puede 
variar entre los distintos grupos de plantas. Incluso en un mismo árbol, la composición de la lignina 
puede variar dependiendo de la edad (Freudenberg y Lehmann 1963), la parte del árbol (Bland 
1966), el tipo de células (Fergus y Goring 1970; Hardell et al. 1980a; 1980b) y del lugar de la 
pared celular o la lámina media donde se sintetice (Fergus y Goring 1970; Fukushima y Terashima 
1991; Christiernin et al. 2005). Aunque la variedad de uniones es amplia, se pueden diferenciar dos 
tipos: uniones de tipo éter y uniones de tipo carbono-carbono.  
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Entre las uniones de tipo éter se diferencian principalmente dos tipos, uno de ellos basado en la 
participación de un átomo de carbono de la cadena lateral de propano de un monómero y un átomo 
de carbono del anillo bencénico de otra unidad fenilpropano (unión alquil-aril éter, Figura 9). La 
unión más corriente de este tipo es el enlace -O-4’ (A), mientras que el enlace -O-4’ (B) es 
menos frecuente y más lábil. El otro tipo de unión lo constituyen los enlaces en los que participan 
dos átomos de carbono de dos anillos bencénicos diferentes (unión aril-aril éter), como por ejemplo 
la unión 4-O-5’ (C). 
Las uniones o enlaces de tipo carbono-carbono son también conocidos como enlaces 
condensados. Son más difíciles de romper que los enlaces de tipo éter e incluyen las uniones de dos 
cadenas alifáticas, como en el caso de las uniones del tipo -’ (resinol) (D), las debidas a la unión 
de un carbono de un anillo bencénico con el de una cadena alifática de otra unidad, como los 
enlaces -1’ (E) o -5’ (fenilcumarano) (F) y las uniones entre carbonos de anillos bencénicos 
(enlace 5-5’ o bifenilo) implicando dos unidades de tipo G.  
Se ha descrito que el enlace 5-5’ no se encuentra tal cual, sino en forma de trímero, ya que 
incorpora una nueva unidad mediante un enlace ’’-O-4’ y un enlace ’’-O-4, dando lugar a una 
estructura de tipo dibenzodioxocina (G) (Karhunen et al. 1995). Igualmente, estudios recientes 
indican que las uniones -1´ se encuentran preferentemente en forma de espirodienonas (H) (Zhang 
y Gellerstedt 2001; Zhang et al. 2006). 
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La lignina se encuentra unida covalentemente a las hemicelulosas (Figura 10) y a la celulosa, 
formando los llamados complejos lignina-carbohidrato (Watanabe 2003) que incluyen: 
 Enlaces de tipo bencil-éter entre el grupo hidroxilo del C de una unidad de lignina y el 
grupo hidroxilo de un carbohidrato (A). 
 Enlaces de tipo bencil-éster entre el grupo hidroxilo del C de una unidad de lignina y el 
grupo carboxilo de un carbohidrato (B). 
 Enlaces de tipo glicosídico entre un grupo hidroxilo (alifático o aromático) de la lignina 
y el grupo reductor del carbohidrato (C). 
 Enlaces de tipo acetal entre dos grupos hidroxilos de carbohidratos y un grupo carbonilo 
de la lignina (D). 
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Figura 10.  Estructuras propuestas de los diferentes enlaces entre la lignina y la hemicelulosa: Enlaces tipo bencil-éter 
(A), enlaces de tipo bencil-éster (B), enlaces de tipo glicosídico (C) y enlaces tipo acetal (D). 
La estructura del polímero de lignina no se conoce con exactitud, y hasta el momento tan sólo se 
han descrito modelos estructurales. Los primeros modelos estructurales de lignina de coníferas y 
frondosas datan de los años setenta (Nimz 1974; Adler 1977) y con el paso del tiempo se han ido 
mejorando gracias al avance de las técnicas analíticas, especialmente de la Resonancia Magnética 
Nuclear bidimensional (2D-NMR), que ha permitido el descubrimiento de nuevas subestructuras. 
Los modelos más actuales de la estructura de la lignina de coníferas y frondosas se muestran en la 
Figura 11, donde se puede observar la presencia de las nuevas unidades descubiertas en los últimos 
años, tales como dibenzodioxocinas (Karhunen et al. 1995) y espirodienonas (Zhang y Gellerstedt 
2001; Zhang et al. 2006). 
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Figura 11. Modelos del polímero de lignina de conífera (Picea) (A) (Brunow 2001) y de frondosa (álamo) (B) 
(Boerjan et al. 2003). 
A BA
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1.1.4. Compuestos extraíbles 
El término “extraíbles” cubre una amplia variedad de compuestos de bajo peso molecular que 
pueden ser aislados de los materiales lignocelulósicos mediante extracciones con solventes 
orgánicos polares (extraíbles polares) o apolares (extraíbles lipofílicos) (Hillis 1962; Fengel y 
Wegener 1984; Rowe 1989; Sjöström 1993). La cantidad y la composición de los compuestos 
extraíbles varían según la especie considerada, la parte de la planta, época del año, etc. Una de las 
principales funciones de los compuestos extraíbles es la protección de la planta contra los agentes 
patógenos. La baja degradabilidad de muchos de estos compuestos contribuye a este fin, pero 
también origina problemas en ciertos aprovechamientos industriales de los materiales 
lignocelulósicos como la formación de depósitos de pitch durante la producción de pasta de papel, 
que se describen en el apartado 1.2.4. 
Los extraíbles polares engloban diferentes compuestos fenólicos libres de bajo peso molecular, 
como estilbenos, lignanos (dilignoles y compuestos relacionados), taninos y flavonoides, entre 
otros (Figura 12). Los compuestos fenólicos libres incluyen precursores de la lignina (ácidos p-
hidroxicinámicos y aldehídos p-hidroxicinamílicos), ácidos bencenocarboxílicos relacionados 
(como ácido p-hidroxibenzoico, vainíllico  y siríngico), aldehídos y cetonas aromáticos (p-
hidroxibezaldehído, vanillina, siringaldehído y propioguayacona). Los taninos hidrolizables son 
ésteres del ácido gálico y sus dímeros (incluyendo el ácido elágico típico del eucalipto) con 
monosacáridos. Los flavonoides presentan diferentes estructuras derivadas del anillo de flavona (2-
fenilbenzopirona). Los taninos no hidrolizables están constituidos por varias unidades de 
flavonoides condensadas.  
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Figura 12. Estructuras de compuestos representativos de los extraíbles polares de la madera: Ácido siríngico (A), 
ácido p-hidroxibenzoico (B), vainillina (C), acetosiringona (D), ácido gálico (E), ácido elágico (F) y 2-
fenilbenzopirona (G). 
Los extraíbles lipofílicos incluyen principalmente ácidos y alcoholes grasos libres, ácidos 
resínicos, hidrocarburos, terpenoides, esteroides, glicéridos y ceras (Figura 13).  
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Figura 13. Estructuras de compuestos representativos de las principales familias de extraíbles lipofílicos causantes 
de la formación de los depósitos de pitch: Ácido palmítico (A), tetracosanol (B), ácido dehidroabiético (C), -
tocoferol (D), sitosterol (E), estigmasta-3,5-dien-7-ona (F), sitosterol-3-D-glucopiranósido (G), trilinoleína (H) y 
sitosteril oleato (I).   
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Los terpenos se dividen en varias clases dependiendo del número de unidades de isopreno que 
los constituyen: monoterpenos (2 unidades), sesquiterpenos (3 unidades), diterpenos (4 unidades), 
sesterpenos (5 unidades), triterpenos (6 unidades), tetraterpenos (8 unidades) y politerpenos (más 
de 8 unidades). Los monoterpenos están presentes en los aceites esenciales de las plantas como el 
-pineno. Entre los compuestos de tipo diterpeno se encuentran los ácidos resínicos  que son muy 
abundantes en la madera de coníferas (y están ausentes en frondosas). Los principales compuestos 
de tipo triterpenoide son los esteroides que difieren de los triterpenos en su biosíntesis (Sjöström 
1993). Los esteroles, caracterizados por presentar un grupo hidroxilo en el C3, son los esteroides 
más abundantes en la madera aunque también existen cetonas e hidrocarburos esteroidales. Los 
esteroles pueden encontrarse libres o esterificados con ácidos grasos, siendo en ambos casos el 
sitosterol el principal esterol, tanto en coníferas como en frondosas. También se han descrito 
formando glicósidos y acilglicósidos en diferentes maderas, incluyendo eucalipto (Gutiérrez y del 
Río 2001), álamo (Abramovitch et al. 1963), roble (Braus et al. 1957), Picea (Dutra et al. 1992), 
abedul (Nilvebrant y Bystrom 1995; Seshadri y Vedantham 1971) y pino (Saranpää y Höll 1987). 
Los glicéridos son ésteres del glicerol con uno (monoglicéridos), dos (diglicéridos) o tres ácidos 
grasos (triglicéridos), siendo estos últimos los que se encuentran predominantemente en la madera. 
Las ceras se definen como ésteres de ácidos grasos con alcoholes de cadena larga. Los principales 
ácidos grasos presentes en las maderas son los ácidos grasos saturados palmítico y esteárico junto 
con los ácidos grasos insaturados oleico y linoleico, que se encuentran tanto libres como 
esterificados en glicéridos, ceras o ésteres de esteroles. 
1.2. UTILIZACIÓN DE LA MADERA EN LA PRODUCCIÓN DE PASTA DE PAPEL 
El principal uso no alimenticio de la biomasa vegetal es la producción de pasta de celulosa a 
partir de la cual es posible obtener una variada gama de productos como papeles y cartones, 
celofán, fibras textiles, explosivos nitrocelulósicos, etc. Las propiedades de la pasta, que incidirán 
ampliamente en las de los productos finales, dependen tanto de la materia prima como del proceso 
de pasteado utilizados.  
La principal fuente de fibra de celulosa virgen utilizada en la fabricación de la pasta de papel es 
la madera de coníferas y de frondosas, además de fibras no madereras que se utilizan en menor 
proporción. Las fibras madereras provienen de especies vegetales que desarrollan un tronco donde 
se acumulan preferentemente las mejores fibras. En función del tamaño de las fibras que 
proporcionan las diferentes especies, las fibras pueden clasificarse en largas y cortas. Las primeras 
provienen de árboles de madera blanda (softwood), fundamentalmente coníferas como la Picea y el 
pino. Las coníferas constituyen el primer cultivo forestal a escala mundial para la obtención de 
pasta de papel. Su madera se caracteriza por presentar fibras con una longitud comprendida entre 
los 3 y 5 mm. Las fibras largas forman una capa fibrosa más coherente y por lo tanto son adecuadas 
para la fabricación de papeles de resistencia mecánica y rigidez elevadas. Este papel es ideal para 
hacer productos que requieren mayor consistencia. La desventaja principal es que el producto final 
es más áspero, por lo que no lo hace muy apto para papel de escritura, de impresión u otras 
aplicaciones. Por otro lado, los árboles de madera dura (hardwood), constituidos por especies de 
frondosas como eucalipto, abedul, álamo, chopo, arce o haya, se caracterizan por presentar fibras 
más cortas, con una longitud comprendida entre 0.75 y 2 mm. El papel fabricado con pastas de 
celulosa obtenidas de especies frondosas es más débil que los fabricados con maderas de coníferas 
pero su superficie es más lisa, y por lo tanto, es mejor para papel de escritura. Otra de las ventajas 
es que el crecimiento de las especies de frondosas utilizadas en la fabricación de pasta de papel es 
más rápido que el de las coníferas, dando lugar a mayor cantidad de fibra en menos tiempo. 
Históricamente, la materia prima destinada a producción de pasta de papel era madera 
correspondiente a especies de fibra larga, debido a que los extensos bosques de los países nórdicos 
están básicamente compuestos de coníferas como la Picea. Al aumentar el consumo de papel a un 
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ritmo superior al de la disponibilidad de pastas de coníferas, surgió la necesidad de buscar nuevas 
fuentes de materias primas. De ahí que especies latifoliadas de fibra corta se comenzaran a emplear 
en la fabricación de papel. Dentro de éstas, el género Eucalyptus se presenta como una de las 
mejores alternativas para resolver el problema de la escasez creciente de materias primas 
celulósicas para la producción de pasta y papel.
1.2.1. Madera de eucalipto 
El género Eucalyptus comprende más de 600 especies de árboles y arbustos de la familia de las 
mirtáceas, todos ellos originarios de Australia y Tasmania (Chippendale 1988; Brooker 2000). Su 
nombre deriva de los vocablos griegos eu (bien) y kalyptud (cubierto) en alusión a la protección 
que el opérculo presta a los órganos sexuales. En la actualidad se encuentran distribuidos por gran 
parte del mundo y debido a su rápido crecimiento frecuentemente se emplean en plantaciones 
forestales para la industria papelera, maderera o para la obtención de productos químicos, además 
de por su valor ornamental. El eucalipto presenta una gran variación en cuanto a tamaño se refiere, 
ya que se pueden encontrar arbustos desde menos de 3 m hasta árboles de más de 100 m de altura 
(Penfold y Willis 1961).  
El eucalipto crece adecuadamente en la zona templada y húmeda del Suroeste de Europa, 
encontrándose España y Portugal en un lugar geográfico inmejorable para la plantación de este tipo 
de árboles. El grupo empresarial español ENCE, con fábricas en Huelva, Navia (Asturias) y 
Pontevedra es líder europeo y segundo productor mundial de pasta de celulosa blanqueada basada 
en Eucalyptus globulus procedente 100% de plantaciones. ENCE gestiona en la actualidad 50.000 
hectáreas de eucalipto en España y produce 1.1 millones de toneladas de pasta anualmente (ENCE 
2007). El empleo del eucalipto, y en especial de la especie Eucalyptus globulus Labill como 
materia prima en el sector celulósico, se fundamenta en las excepcionales cualidades de su madera 
para la fabricación de papel, además de su rápido crecimiento que llega incluso a ser el doble que el 
de otras especies como el pino o el abedul. Aparte del E. globulus, también se usan otras especies 
de eucalipto para la fabricación de pasta de papel, como E. nitens, E. maidenii, E. grandis, E.
dunnii, etc. Sin embargo, mientras que la madera de E. globulus ha sido ampliamente estudiada 
(del Río et al. 1998; 2000; 2001a; 2001b; 2002; 2005; Gutiérrez et al. 1998b; 1999a; 2001a; 2001b; 
2001c; Freire et al. 2002a; Evtuguin et al. 2001), apenas existe información sobre la composición 
de la madera en otras especies de eucalipto. Para poder mejorar los procesos de producción de 
pasta de papel en los que el eucalipto se utiliza como materia prima es necesario conocer la 
morfología y la composición química de estas maderas. Es por ello que una parte de esta Tesis se 
dedica a la caracterización química de la madera de estas especies. 
1.2.2. Procesos de producción de pasta de papel 
La fabricación de la pasta de papel consiste básicamente en la separación de las fibras de 
celulosa, que se encuentran cementadas por la lignina, a través de procesos mecánicos (mediante la 
acción de molinos y refinadores) y/o químicos (disolviendo y eliminando químicamente la lignina) 
o la combinación de ambos. En el año 2006 se produjeron alrededor de 178 millones de toneladas 
de pasta de celulosa a partir de fibras vírgenes procedentes de maderas (FAO 2006). De este 
volumen total, el 74% se obtuvo químicamente, el 20% mecánicamente, y el restante 6% mediante 
procesos semiquímicos. 
El contenido, la composición y la estructura química de la lignina son parámetros muy 
importantes en la producción de pasta de celulosa ya que influyen decisivamente en la 
deslignificación de las fibras, el consumo de reactivos y en el rendimiento final en pasta. La mayor 
reactividad en medio alcalino de las ligninas de tipo S con respecto a las de tipo G es bien conocida 
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(Chang y Sarkanen 1973; Tsutsumi et al. 1995), y así la relación S/G en maderas de frondosas, 
como el eucalipto, afecta en gran medida la eficiencia del pasteado. En el caso del eucalipto, se ha 
observado que valores más altos de la relación S/G implica una mayor facilidad de 
deslignificación, menos consumo de reactivos y por tanto un mayor rendimiento (González-Vila et 
al. 1999; del Río et al. 2005). 
Para la obtención de la pasta de papel es necesario conseguir una suspensión de fibras 
celulósicas con unas características determinadas en cuanto a tamaño de fibras, distribución de 
tamaños, composición, flexibilidad, resistencia, etc. Para obtener estas características, se deben 
aplicar sobre las materias primas diferentes procedimientos con la finalidad de obtener una pasta de 
características adecuadas, tratando siempre de obtener el mayor rendimiento posible. Existen 
muchos procedimientos que se han ido desarrollando y mejorando a lo largo del tiempo, que 
presentan ventajas e inconvenientes que han de ser evaluados conforme al tipo de producto final 
que se desea obtener, teniendo en cuenta parámetros tales como resistencia mecánica del papel a la 
rotura, rasgado, rozamiento, plegado, rugosidad, blancura, deteriorabilidad, además de costo 
unitario del proceso, impacto medioambiental de la producción o el tipo de materia prima 
disponible. 
1.2.2.1.   Procesos mecánicos
El pasteado mecánico separa las fibras por fragmentación mecánica utilizando molinos y 
refinadores de discos, lo que supone un considerable gasto energético. La acción de las máquinas 
rompe las fibras de celulosa, por lo que la pasta resultante es más débil que la obtenida 
químicamente. La lignina que une la celulosa a la hemicelulosa no se disuelve, simplemente se 
ablanda, permitiendo que las fibras se asienten fuera de la estructura de la madera. Es un proceso 
que ofrece un gran rendimiento (hasta un 98% del material inicial), obteniéndose pastas que 
resultan ventajosas para algunos tipos de papel, ya que confieren rigidez, volumen y opacidad. No 
obstante, el alto contenido de lignina en la pasta va en detrimento de la calidad del papel ya que las 
fibras son poco flexibles, no están bien unidas entre sí y el papel es poco resistente y tiende a 
amarillear con el sol (por oxidación de la lignina residual y otros componentes de la pasta). 
1.2.2.2.   Procesos químicos
El pasteado químico utiliza reactivos químicos a altas temperaturas degradando y disolviendo 
gran parte de la lignina. En este tipo de proceso se eliminan muchos de los componentes no 
fibrosos de la madera lo que da lugar a rendimientos del 40-55%. Puede realizarse en condiciones 
alcalinas, utilizando sulfuro sódico e hidróxido sódico (pasteado kraft), o únicamente hidróxido 
sódico (pasteado a la sosa) y en condiciones ácidas, utilizando por ejemplo bisulfito sódico que 
disuelve la lignina en forma de lignosulfonatos (pasteado al sulfito). En la deslignificación en 
condiciones alcalinas a menudo se utiliza antraquinona como catalizador. Otro tipo de proceso es el 
que utiliza solventes orgánicos y se denomina pasteado organosolv (Gilarranz et al. 1999).  
 El procedimiento al sulfito dominó la industria papelera desde finales del siglo XIX hasta casi 
mediados del XX, si bien estaba limitado por los tipos de madera utilizables y por la contaminación 
creada al eliminar el licor residual sin tratar en los cauces. Procedimientos posteriores subsanaron 
muchos de aquellos problemas, pero la pasta elaborada al sulfito representa en la actualidad tan 
sólo un pequeño segmento del mercado de la pasta de celulosa, en torno al 3% de la producción 
mundial (FAO 2006). 
El pasteado kraft, desarrollado por Carl F. Dahl en 1879, es el más extendido representando más 
del 70% de pasta de celulosa total y más 95% de la pasta obtenida mediante procesos químicos 
(FAO 2006). Este tipo de pasteado permite obtener pastas con una gran resistencia, aunque con 
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menor rendimiento, a partir de diferentes tipos de maderas (García Hortal y Colom 1992; Santos et 
al. 1997). La posterior introducción de sistemas de blanqueo multifase y sobre todo el desarrollo de 
la caldera de recuperación de G.H. Tomlinson (Sjöström 1993) a principios de la década de 1930, 
hicieron que en la década de 1940 el proceso kraft superara al proceso de sulfito como el método 
predominante en la producción de pasta de celulosa (Biermann 1993). 
El procedimiento de operación en una fábrica de pasta de tipo kraft es similar al proceso del 
sulfito. En primer lugar se cargan en el digestor las astillas con el denominado licor blanco (mezcla 
de NaOH y NaS2). A continuación se calienta el digestor por vaporización directa hasta llegar a 
temperaturas de entre 160 y 180ºC, manteniéndose estas condiciones hasta alcanzar el grado 
deseado de deslignificación. Una vez terminada la cocción, la mezcla de pasta y astillas no 
digeridas salen del digestor y se separan por cernido, siendo devueltas al digestor las partículas de 
mayor tamaño, y se separa la pasta, que a continuación pasa a una etapa de lavado. El licor 
resultante de la cocción, denominado licor negro, se somete al ciclo de regeneración. En primer 
lugar se concentra por evaporación hasta que su contenido en agua es inferior al 40 %, y se 
pulveriza en la caldera de recuperación. La parte orgánica se consume como combustible, 
generando calor que se recupera en la parte superior del horno en forma de vapor a elevada 
temperatura. Este calor se aprovecha para calentar la caldera, precalentar el vapor, evaporar 
disolvente en la etapa de concentración del licor negro y para producir energía eléctrica. La parte 
inorgánica no quemada se recoge en el fondo de la caldera como una mezcla fundida. El fundido 
fluye fuera del horno y se disuelve en una solución cáustica débil, obteniéndose un “licor verde” 
que contiene principalmente Na2S disuelto y Na2CO3. Este licor se bombea a una planta de 
recaustificación donde se clarifica y entonces reacciona con cal apagada (Ca(OH)2), formando 
NaOH y CaCO3. El CaCO3 se envía a un horno de cal donde se calienta para regenerar cal viva 
(CaO). De este modo se regenera el licor blanco que se filtra y almacena para ser usado 
nuevamente.  
Para el proceso kraft se pueden utilizar todo tipo de maderas, aunque los mejores resultados se 
obtienen con maderas de frondosas. El rendimiento obtenido es bajo (40-60%), ya que se elimina 
mucha cantidad de lignina (hasta el 90%), pero la resistencia de la pasta es muy alta. El color de las 
pastas obtenidas en el proceso normal es más oscuro que las obtenidas por el procedimiento del 
sulfito, por lo que es necesario someterlas a un proceso de blanqueo posterior. Aun así, el proceso 
de blanqueo es fácil y eficaz para las pastas kraft, y su mayor aplicación es la fabricación de papel 
de imprimir, siendo blanqueada el 73% de la pasta obtenida (FAO 2006). 
1.2.3. Blanqueo de la pasta de papel 
El blanqueo es un proceso cuyo objetivo es eliminar o modificar  los restos de lignina que 
permanecen en la pasta tras su elaboración (ligninas residuales) y que hacen que ésta presente una 
tonalidad oscura (Sjöström 1993). El blanqueo de las pastas químicas se realiza en varias etapas, y 
cada una ellas se caracteriza por su agente blanqueante, el pH, la temperatura y la duración (Tabla 
1). Históricamente, la secuencia de blanqueo más comúnmente utilizada para producir pasta kraft 
blanqueada se basaba en las cinco etapas del procedimiento C-E-D-E-D (véase en la Tabla 1 la 
definición de los símbolos). Sin embargo, el desarrollo de leyes ambientales más restrictivas con 
respecto a los procesos contaminantes (Brooks et al. 1994) y en especial contra los compuestos 
clorados, catalogados como contaminantes prioritarios por la EPA, por su persistencia en el suelo y 
el agua, ha llevado a la industria papelera a introducir una serie de modificaciones en sus plantas de 
blanqueo dando lugar primero a la aparición de las secuencias de blanqueo libres de cloro 
elemental (ECF) y posteriormente a las secuencias totalmente libres de cloro (TCF). La 
eliminación del cloro y de sus derivados requiere la utilización de otros agentes de blanqueo como 
oxígeno, ozono o peróxido de hidrógeno. 
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1.2.4. Problemas causados por la lignina y los lípidos en los procesos TCF 
El uso de reactivos menos agresivos en las secuencias de blanqueo TFC, especialmente al 
utilizar H2O2 como agente de blanqueo, ha traído nuevos problemas a la industria de la pasta de 
papel, como la menor blancura de las pastas, que no existían cuando se utilizaban reactivos más 
fuertes y contaminantes como el cloro. Sin embargo, el problema de la blancura de la pasta no es el 
único que se plantea con la implantación de tecnologías más respetuosas con el medioambiente. 
Existe otro problema relacionado con los extraíbles lipofílicos de los materiales lignocelulósicos 
descritos anteriormente. Entre los problemas causados por este tipo de compuestos ocupa un lugar 
importante la formación de depósitos de pitch en las máquinas de papel (que obligan a realizar 
paradas técnicas) y en la misma pasta (Allen 1980; Hillis y Sumimoto 1989; Back y Allen 2000), 
reduciendo drásticamente la calidad del producto final (Figura 14). 
 
 
 
Tabla 1. Agentes blanqueantes y condiciones para su empleo.
 Símbolo Concentración (%) pH Consistencia (%) T (ºC) Tiempo (h) 
Cl2 C 2.8-8 2 3 20-60 0.5-1.5 
NaOH E 1.5-4.2 11 10-12 < 80 1-2 
ClO2 D  1 0-6 10-12 60-75 2-5 
NaOCl H 1-2 9-11 10-12 30-50 0.5-3 
O2 O 1.2-1.9 7-8 25-33 90-130 0.3-1 
H2O2 P 0.25 10 12 35-80 4 
O3 Z 0.5-3.5 2-3 35-55 20-40 < 0.1 
SO2 A 4-6 1.8-5 1.5 30-50 0.25 
Na2S2O4 Y 1-2 5.5-8 4-8 60-65 1-2 
Figura 14. Fotografía de un depósito de pitch en una pasta kraft TCF. 
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Muchos de estos compuestos lipofílicos se degradaban o estaban presentes en concentraciones 
más bajas cuando se utilizaban reactivos clorados o volúmenes de agua mayores en el lavado de la 
pasta y menor grado de cierre de los circuitos. Por otro lado, aunque no se conoce adecuadamente 
la posible incidencia medioambiental de estos compuestos en los vertidos, algunos de ellos pueden 
ser fuertemente tóxicos (Ali y Sreekrishnan 2001; Rigol et al. 2004). 
La problemática del pitch es muy compleja porque varía con la materia prima así como con el 
proceso empleado para la fabricación de pasta y papel. La formación de depósitos de pitch durante 
la fabricación de pastas de papel a partir de madera de coníferas ha sido ampliamente estudiada 
durante años (Fengel y Wegener 1984; Back y Allen 2000) dado el uso mayoritario de este tipo de 
madera en los principales países productores de pasta (USA, Canadá y países nórdicos de la UE). 
Por otro lado, la formación de estos depósitos en procesos que utilizan maderas de frondosas se ha 
estudiado más recientemente (del Río et al. 1998; 2000; Gutiérrez et al. 1998a; 1999a; Freire et al. 
2002b; 2005). 
1.3.   APLICACIONES BIOTECNOLÓGICAS EN LA PRODUCCIÓN DE PASTA DE 
PAPEL
El interés por la aplicación de la Biotecnología en los procesos de fabricación de pasta de papel 
es consecuencia de las posibilidades que ofrecen los tratamientos biológicos (mediante el uso de 
hongos y/o sus enzimas) y de las restricciones medioambientales impuestas sobre estos procesos 
industriales (Bajpai y Bajpai 1998; Kenealy y Jeffries 2003; Mansfield y Esteghlalian 2003). En 
este sentido, la capacidad de los hongos de podredumbre blanca de degradar el polímero de lignina 
les ha convertido en herramientas potenciales para su aplicación en el proceso de producción de 
pasta de papel. Estas aplicaciones están relacionadas con el ahorro de energía y reactivos durante la 
cocción (biopasteado). Otras aplicaciones están relacionadas con la sustitución de reactivos 
clorados por enzimas durante el blanqueo (bioblanqueo) (Eriksson et al. 1990; Kurek 1992; 
Messner y Srebotnik 1994; Paice et al. 1995b) y con el control biológico del pitch utilizando 
organismos y/o enzimas capaces de degradar los extraíbles lipofílicos de la madera (Gutiérrez et al. 
2001a). 
1.3.1.   Biodegradación de lignina 
Una de las aplicaciones de los hongos de podredumbre blanca en la industria papelera es el 
tratamiento de la madera previo al pasteado. Algunos hongos ligninolíticos de podredumbre blanca 
se han seleccionado por su capacidad para degradar la lignina con una mínima pérdida de celulosa. 
Por la acción degradadora de los hongos el contenido de lignina disminuye, facilitándose la 
separación de las fibras de celulosa durante la fabricación de pasta de papel, reduciéndose el 
consumo de energía y/o el de reactivos. El tiempo de tratamiento debe de ser suficiente para reducir 
el contenido en lignina, sin ser excesivo, para evitar la pérdida de celulosa. Con la utilización de 
hongos ligninolíticos como Ceriporiopsis subvermispora se ha conseguido ahorros de hasta un 
40% de energía en el refino y una disminución de la toxicidad de los efluentes durante el 
tratamiento de maderas de coníferas y frondosas (Blanchette et al. 1990; Akhtar et al. 1993). 
Por otro lado, el tratamiento enzimático de las pastas presenta algunas ventajas sobre el uso de 
hongos en la madera ya que, además de realizarse en tiempos más cortos, actúa más 
específicamente sobre la lignina, evitando la hidrólisis de los carbohidratos de la pasta y 
reduciendo por tanto la pérdida de rendimiento (Paice et al. 1995a). Entre las enzimas utilizadas 
destacan las xilanasas que se utilizan para limitar el uso de cloro en los procesos de blanqueo de la 
pasta (Viikari et al. 1994), aunque estas enzimas no actúan directamente sobre la lignina, sino 
catalizando la hidrólisis de los xilanos que se encuentan entre las microfibrillas de la celulosa y la 
lignina. Al desaparecer la unión entre estas estructuras, la lignina puede eliminarse con mayor 
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facilidad en las posteriores etapas de blanqueo (Turner et al. 1992; Pham et al. 1995). Además, las 
xilanasas mejoran la penetración de los agentes de blanqueo al eliminar el xilano que reprecipita en 
la superficie de las fibras tras el pasteado kraft (Viikari et al. 1996; Allison et al. 1997; Shah et al. 
2000). Por todo ello, el uso de xilanasas disminuye el consumo de reactivos clorados (hasta un 
35%). Estas mejoras han conseguido la implantación industrial de las xilanasas (Kenealy y Jeffries 
2003; Bajpai 2004). Sin embargo, existen dos inconvenientes en la utilización de xilanasas 
relacionadas con el descenso del rendimiento en pastas y con el aumento de la demanda biológica 
de oxígeno (DBO) de los efluentes. Una alternativa en el proceso de blanqueo es la utilización de 
enzimas oxidoreductasas (lacasas y peroxidasas) capaces de degradar la lignina de una forma 
selectiva. 
Las lacasas son oxidasas multicobre (Figura 15) que catalizan la oxidación monovalente de 
fenoles sustituidos (EC 1.10.3.2), anilinas y tioles aromáticos a sus correspondientes radicales con 
la consiguiente reducción del oxígeno molecular a agua. Son producidas por plantas y hongos, 
incluidos los basidiomicetos de podredumbre blanca responsables de la degradación de lignina en 
la naturaleza (Thurston 1994; Käärik 1965; Mayer y Staples 2002), aunque recientemente se han 
descrito y caracterizado algunas lacasas bacterianas (Enguita et al. 2002). Debido a la implicación 
de las lacasas en la degradación de la lignina, estas enzimas se investigaron para su utilización en la 
industria de pasta y papel como sustituyentes de los reactivos clorados para el blanqueo de la pasta 
(Reid y Paice 1994). La amplia especificidad de sustrato de las lacasas, junto con el hecho de 
utilizar oxígeno molecular como aceptor final de electrones (frente al peróxido de hidrógeno 
utilizado por las peroxidasas ligninolíticas), hacen a estas enzimas muy interesantes para la 
industria de pasta y papel (Paice et al. 1995b; Reid y Paice 1994) así como otras aplicaciones 
industriales y medioambientales. Sin embargo, los bajos potenciales redox de las lacasas (0.3 a 0.8 
V) comparados con los de las peroxidasas ligninolíticas (>1 V) sólo permite a las lacasas la 
degradación directa de compuestos fenólicos de bajo potencial redox que constituyen únicamente 
un 20% del total de la lignina (Kawai et al. 1987a; 1987b). Por tanto, durante años se concedió 
mayor atención a las peroxidasas ligninolíticas que a las lacasas en la degradación de la lignina y 
desarrollo de aplicaciones biotecnológicas de uso en la industria papelera (Paice et al. 1995b). Sin 
embargo, el interés por las lacasas como biocatalizadores industriales en la producción de pasta de 
papel se incrementó enormemente tras el descubrimiento de compuestos mediadores que amplían 
la acción de la lacasa a sustratos no fenólicos, lo que aumenta el potencial en la degradación de la 
lignina y de otros compuestos aromáticos (Call y Mücke 1997).  
 
 Figura 15. Estructura de la lacasa (izquierda) y de su centro activo con los cuatro átomos de cobre (derecha).
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La base del sistema lacasa-mediador es el uso de compuestos de bajo peso molecular que, una 
vez oxidados por la enzima a radicales estables, actúan como intermediarios redox oxidando 
compuestos que en principio no son sustratos de la lacasa (como las unidades no fenólicas de la 
lignina). El O2 oxida a la lacasa (con formación de H2O), después ésta se reduce oxidando al mediador hasta un radical libre estable que, a su vez, oxida la lignina presente en la pasta (Figura 
16). El primer mediador descrito fue el ácido 2,2’-azino-bis(3-etilbenzotiazolin-6-sulfónico) 
(ABTS) (Bourbonnais y Paice 1990), pero los mediadores más efectivos descritos hasta la fecha 
son aquellos que contienen un grupo -NOH-, como el 1-hidroxibenzotriazol (HBT), ácido violúrico 
(VIO) o N-hidroxiacetanilida (NHA) (Bourbonnais et al. 1997; Call y Mücke 1997; Xu et al. 
2001). Desde su descripción, los sistemas lacasa-mediador han sido investigados con éxito para la 
deslignificación y blanqueo de diferentes pastas de papel (Bourbonnais y Paice 1996; Nelson et al. 
1998; Sealey et al. 1999; García et al. 2003; García et al. 2003; Camarero et al. 2004). Sin 
embargo, el elevado coste y los posibles problemas de toxicidad de algunos mediadores han 
dirigido las investigaciones a la búsqueda de mediadores alternativos, incluyendo algunos 
metabolitos fúngicos así como productos resultantes de la degradación de la lignina (Gutiérrez et 
al. 1994; Martínez et al. 1994; Eggert et al. 1996; Johannes y Majcherczyk 2000). 
 
O2
H2O
Lacasa
Lacasaox
mediadorox
mediador
Lignina
Ligninaox
Figura 16. Mecanismo de actuación del sistema lacasa-madiador. 
 
1.3.2.   Biodegradación de lípidos
Los problemas de pitch, que han aumentado debido al uso de tecnologías más respetuosas con el 
medio ambiente y a la recirculación de las aguas de proceso, se han intentado solucionar mediante 
la  utilización de microorganismos (Behrendt y Blanchette 1997; Farrell et al. 1993; Gao et al. 
1994; Gutiérrez et al. 1999b; 2001a) y enzimas (Fischer y Messner 1992; Fischer et al. 1993; Fujita
et al. 1992). En este ámbito se encuentra el Cartapip™, una cepa albina de Ophiostoma piliferum, 
un hongo ascomiceto que consigue reducir en un 40% el contenido de la fracción lipídica en 
madera de pino (Farrell et al. 1993). El Cartapip™ es efectivo en pastas mecánicas de maderas de 
gimnospermas con alto contenido en triglicéridos, pero no lo es para la degradación de esteroles 
libres y esterificados, que son los lípidos mayoritarios en otras maderas, como el eucalipto 
(Gutiérrez et al. 1999b). Además, teniendo en cuenta que la pasta más utilizada a nivel mundial es 
la pasta kraft, cuyas condiciones de cocción hidrolizan los triglicéridos, la aplicación del 
Cartapip™ no es muy eficaz. Otros hongos han sido también ensayados en el tratamiento de la 
madera por su capacidad para degradar esteroles (libres y esterificados) que son los principales 
responsables de los problemas de pitch en algunas frondosas, incluyendo el eucalipto (Gutiérrez et 
al. 2000; 2001a), como Phlebia radiata, Bjerkandera adusta, Pleurotus pulmonarius y 
Ceriporiopsis subvermispora. En maderas tratadas con estos hongos, se ha conseguido hasta un 
75% de reducción de compuestos esteroidales en pastas kraft, y con una degradación mínima de la 
celulosa (Gutiérrez et al. 2000). 
Por otro lado, también se han estudiado diversas enzimas para el control del pitch. Entre ellas se 
encuentra la Resinase™, una lipasa recombinante expresada en Aspergillus oryzae (Matsukura et 
al. 1990; Fujita et al. 1991), cuya aplicación, al igual le ocurría al Cartapip™, es limitada ya que 
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únicamente hidroliza los triglicéridos sin degradar ningún otro tipo de lípidos (como esteroles 
libres o esterificados). También se han descrito otras enzimas para la degradación de ésteres de 
esteroles, como la esterol esterasa aislada del hongo ascomiceto Ophiostoma piceae, que es capaz 
de hidrolizar simultáneamente tanto los ésteres de esteroles como los triglicéridos en pastas 
(Calero-Rueda et al. 2004). Sin embargo, aunque las esterol esterasas hidrolizan los ésteres de 
esteroles, al mismo tiempo liberan esteroles libres que son tanto o más perjudiciales que los ésteres 
de esteroles en la formación de depósitos de pitch. 
Recientemente, en el curso de la presente Tesis, se ha demostrado por primera vez la gran 
eficacia del sistema lacasa-mediador, anteriormente descrito para el blanqueo de las pastas, en la 
eliminación de los distintos tipos de lípidos de pastas de papel (Gutiérrez et al. 2006a; 2006b; 
2006c; 2007; Molina et al. 2008). El sistema lacasa-mediador es capaz de degradar eficazmente los 
compuestos lipofílicos (incluyendo, entre otros, esteroles libres y conjugados en forma de ésteres y 
glicósidos, triglicéridos, alcoholes grasos y ácidos resínicos), que son los causantes de los depósitos 
de pitch durante la fabricación de la pasta de papel tanto a partir de maderas de frondosas o 
coníferas, como de plantas no madereras. 
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2. Objetivos 
El objetivo general de la presente Tesis está fundamentalmente dirigido a la caracterización 
química de la madera de eucalipto que constituye una materia prima excepcional para la obtención 
de pasta de celulosa a nivel mundial y al estudio del comportamiento de sus componentes durante 
la producción de pasta de papel, así como al desarrollo de tratamientos biotecnológicos para 
mejorar su aprovechamiento industrial,  prestando un interés especial a los extraíbles lipofílicos y 
al polímero de lignina, ya que ambos juegan un papel fundamental en el proceso de fabricación de 
pasta de celulosa. 
Los objetivos específicos de esta Tesis son los siguientes: 
 Realizar una caracterización química comparativa de la madera de cinco especies de 
eucalipto (Eucalyptus globulus, E. nitens, E. maidenii, E. grandis y E. dunnii) utilizadas en 
la fabricación de pasta de celulosa, analizando detalladamente la fracción lipídica y la 
composición y estructura de sus ligninas (Publicaciones I-III).
 Desarrollar nuevos métodos, basados en la 2D-NMR, que permitan estudiar la estructura de 
la lignina sin degradarla ni aislarla previamente, evitando así posibles modificaciones 
estructurales (Publicación IV).
 Estudiar las variaciones estructurales que tienen lugar en el polímero de lignina a lo largo 
del proceso de fabricación de la pasta kraft TCF de eucalipto mediante el aislamiento y 
análisis de las ligninas residuales (Publicación V). 
 Estudiar y desarrollar aplicaciones biotecnológicas que permitan degradar más fácilmente 
la lignina residual de las pastas en secuencias de blanqueo TCF (Publicación VI). 
 Estudiar y desarrollar aplicaciones biotecnológicas que permitan degradar los extraíbles 
lipofílicos responsables de la formación de depósitos de pitch durante la producción de 
pasta y papel (Publicaciones VII, VIII y patente). 
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3. Material y Métodos 
3.1.   MATERIALES 
3.1.1.   Maderas de eucalipto 
El trabajo realizado en la presente Tesis incluye diferentes estudios sobre la madera y pasta kraft 
obtenidas de la especie Eucalyptus globulus Labill, aunque también se han caracterizado las 
maderas de otras cuatro especies de eucaliptos utilizadas en la fabricación de pasta de papel como 
son las especies E. nitens (H. Deane y Maiden) Maiden, E. maidenii F. Muell, E. grandis W. Hill 
ex Maiden, y E. dunnii W. Maiden. Las maderas de estas cinco especies de eucalipto fueron 
suministradas por la fábrica de ENCE en Pontevedra (España) y correspondían a árboles de 10-12 
años de edad. Las especies E. globulus y E. nitens crecieron en el norte de España, mientras que las 
especies E. maidenii, E. grandis y E. dunnii lo hicieron en plantaciones propiedad de ENCE en 
Uruguay.  
La obtención de la pasta de papel a partir de la madera de eucalipto se lleva a cabo normalmente 
mediante una cocción química con sosa a altas temperaturas (proceso kraft), siendo el principal 
determinante de la rentabilidad económica de este proceso el rendimiento en pasta obtenida por 
tonelada de madera empleada. En la Tabla 2 se muestran estos rendimientos, junto con otros 
parámetros, obtenidos tras someter a un proceso de cocción kraft las maderas de las diferentes 
especies seleccionadas en este estudio. En ella se puede observar que la madera de la especie E. 
globulus necesita una menor cantidad de reactivos (% álcali activo) para alcanzar un mismo grado 
de deslignificación (índice kappa en torno a 16), y obteniéndose el mayor rendimiento en pasta, 
muy superior (59.5%) al obtenido a partir del resto de las especies estudiadas (48.7-50.8%). Estos 
resultados convierten a la madera de la especie E. globulus en la materia prima por excelencia para 
este tipo de cocción química y es por este motivo que esta especie sea la protagonista en los 
diferentes estudios realizados a lo largo de esta Tesis. 
 
Tabla 2.  Muestras de maderas de las distintas especies de eucalipto y características de sus pastas (obtenidas 
mediante un proceso de cocción kraft*). 
Especie Densidad 
Kg/m3 
Álcali activo 
% 
Índice 
kappa 
Rto. Bruto 
% 
Rechazos 
% 
Viscosidad 
ml/g 
Álcali residual 
g/L 
E. globulus 600 13.0 16.1 59.5 8.4 1413 3.6 
E. nitens 450 17.5 16.3 50.4 1.7 1177 6.2 
E. maidenii 600 18.0 16.5 50.8 1.4 1093 1.3 
E. grandis 435 17.0 15.7 49.7 0.2 1148 9.2 
E. dunnii 595 20.0 16.1 48.7 1.6 931 15.5 
 
 
 *Esta evaluación se llevo a cabo utilizando un digestor L&W 165/90/45 y AQ (0,05%) y unas condiciones de cocción 
según la norma ENCE 10/88 (temperatura de cocción: 165 ºC; tiempo de cocción: 50 min; relación licor/madera: 3.5; 
sulfidez 25%; álcali activo variable dependiendo de la cocción).  
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3.1.1.1.   Eucalyptus globulus Labill
El Eucalyptus globulus Labill, conocido como gomero azul de Tasmania o eucalipto blanco, es 
originario del sudeste de Australia y Tasmania. Esta especie se caracteriza por ser un árbol 
perennifolio, de porte recto, con una altura comprendida generalmente entre 30-55 metros y una 
anchura de hasta 2 m de diámetro. Su corteza es blanquecina o grisácea y se desprende en grandes 
tiras longitudinales y retorcidas, que se mantienen colgando algún tiempo en los árboles. Las hojas 
jóvenes (7-16 cm largo x 4-9 cm ancho)  son sésiles, opuestas, ovaladas y grises verdosas, mientras 
las hojas adultas (10-30 cm largo x 3-4 cm ancho) son alternas, lanceoladas, arqueadas, más 
pecioladas y colgantes, con un color verde oscuro brillante (Penfold y Willis 1961). Tiene grandes 
conjuntos florales de color blanco sin pétalos, en forma de urnas  que se abren por su parte 
superior. Su fruto es leñoso y tiene forma de cápsula campaniforme de 10-15 mm que se abre de 
forma apical mostrando 3-6 celdas triangulares (Figura 17). 
 
 
 
 
 
 
  
Figura 17. Fotografía de árboles de E. globulus (izquierda) junto a su ficha de clasificación del National Herbarium of 
New South Wales (Sydney, Australia) (derecha). 
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3.1.1.2.   Eucalyptus nitens (H. Deane y Maiden) Maiden
El Eucalyptus nitens, comúnmente conocido como eucalipto brillante o eucalipto de las heladas, 
es nativo de Victoria y del Este de Nueva Gales del Sur, Australia. Se caracteriza por su rápido 
crecimiento y por ser, a diferencia de la especie E. globulus, altamente resistente al frío y a las 
heladas (Harden 1990). Es un árbol perennifolio de gran desarrollo que llega a 60-70 m de altura y 
ocasionalmente a 90 m (Brooker y Kleinig 1999), con diámetros de 1 a 2 m. Su corteza es suave, 
de color gris a gris-marrón brillante que se desprende en tiras. Las hojas jóvenes (7-10 cm de largo 
x 5-9 cm de ancho  o más pequeñas) son sésiles, suaves, opuestas y redondeadas, mientras que las 
hojas adultas (10-30 cm largo x 1.5-2.5 cm ancho) son de color verde, brillantes, alternas, 
lanceoladas, arqueadas y con pecíolos (15-22 mm), componiendo una copa alta y plateada verde 
brillante (Figura 18). Sus flores son de color blanco y sus frutos son sésiles (6 x 7 mm) con aspecto 
de pera (piriforme) y presentan 3 o 4 celdas (Penfold y Willis 1961). 
 
 
 
Figura 18. Fotografía de árboles de E. nitens  (izquierda) junto a su ficha de clasificación del National Herbarium of 
New South Wales (Sydney, Australia) (derecha). 
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3.1.1.3.   Eucalyptus maidenii F. Muell 
El Eucalyptus maidenii, comúnmente conocido como gomero de la doncella, es una especie de 
eucalipto originario de la zona oriental de Victoria y del Sudeste de Nueva Gales del Sur. Es un 
árbol que suele crecer hasta los 40 m de altura y su corteza es suave de color blanco, gris o 
amarillo, despojándose en tiras. Las hojas jóvenes (4-16 cm largo x 4-12 cm ancho) son opuestas, 
ovaladas y sésiles mientras que las hojas adultas (12-25 cm largo x 1.5-2.5 cm ancho) son 
alternadas, lanceoladas, pecioladas (15-35 mm) y de color verde oscuro (Figura 19). Su fruto es 
cónico o acampanado (8-10 x 10-12 mm), con pecíolo corto o casi sésil y presentan 3-5 celdas 
(Penfold y Willis 1961).  
 
 
 
 
 
Figura 19. Fotografía de árboles de E. maidenii  (izquierda) junto a su ficha de clasificación del National Herbarium of 
New South Wales (Sydney, Australia) (derecha). 
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3.1.1.4.   Eucalyptus grandis W. Hill ex Maiden 
El Eucalyptus grandis, conocido como eucalipto rosado, representa una especie de árboles con 
una altura comprendida entre 40 y 60 m. Su corteza es suave, de color blanco o plateado y, al igual 
que las especies anteriores, también se despoja en tiras. Las hojas jóvenes (3-6 cm largo x 1-2.5 cm 
ancho) son opuestas, ovaladas y de un color verde oscuro brillante, mientras que las adultas (13-20 
cm largo x 2-3.5 cm ancho) son alternas, lanceoladas, no muy arqueadas, pecioladas (15-20 mm), 
de color verde oscuro brillante en la cara superior y azuladas por la inferior (Figura 20). Sus flores 
son de color blanco y sus frutos (11x11 mm) son desde forma cónica a piriforme, con pecíolo corto 
o sésil (Penfold y Willis 1961). 
 
Figura 20. Fotografía de árboles de la especie E. grandis (izquierda) junto a su ficha de clasificación del 
Techological Museum Herbarium (Sydney, Australia) (derecha). 
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3.1.1.5.   Eucalyptus dunnii W. Maiden 
El Eucalyptus dunnii es un árbol que alcanza hasta 50 m de altura, de corteza persistente, de 
color gris a gris-marrón, fibroso-escamosa, en la parte inferior del tronco, suave por encima, de 
color blanco o gris y se despoja en tiras cortas. Las hojas jóvenes son opuestas, ovaladas y de color 
verde grisáceo mientras que las hojas adultas (13–20 cm x 1.3–2.5 cm) son lanceoladas y de color 
verde (Figura 21). Sus flores son de color blanco y sus frutos (5-8 mm) son de forma semiesférica o 
cónica o acampanada y presentan pecíolo (Penfold y Willis 1961). 
   
 
Figura 21. Fotografía de árboles de E. dunnii (izquierda) junto a su ficha de clasificación del National Herbarium of 
New South Wales (Sydney, Australia) (derecha). 
 
3.1.2. Pastas de eucalipto 
3.1.2.1.   Pasta kraft de eucalipto sin blanquear 
La pastas kraft crudas (no blanqueadas) de eucalipto E. globulus que se han utilizado en los 
diferentes tratamientos a lo largo de esta Tesis, fueron suministradas por la fábrica de ENCE de 
Pontevedra (España). La madera de E. globulus utilizada en la cocción kraft se obtuvo de árboles 
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de la especie de 12 a 14 años procedentes de las plantaciones de ENCE en Pontevedra. La cocción 
kraft de las astillas se realizó en un digestor Lorentzen & Wettre  165 ºC (50 min), con una relación 
licor/madera de 3.5, 25% de sulfidez y un 16% de álcali activo. Las características particulares de 
la pasta kraft (blancura, índice kappa y viscosidad) utilizada en los diferentes tratamientos 
realizados se encuentran detalladas en cada uno de las publicaciones correspondientes. 
3.1.2.2.   Pasta kraft blanqueada utilizando una secuencia TCF 
El blanqueo TCF de la pasta kraft (200 g) se llevó a cabo en reactores de 4 l presurizados, al 
10% de consistencia (respecto al peso de pasta seco). Se aplicó una secuencia de blanqueo 
industrial del tipo  O-O-Q-PoP (Figura 22) consistente en (i) dos etapas de oxígeno (O) usando una 
presión de 6 kg/cm2 de O2, 1.5% NaOH y 0.5% MgSO4 durante 60 min a 98ºC; (ii) una etapa de 
quelación (Q) utilizando como agente quelatante ácido dietilentriaminopentaacético (DTPA) 
durante 60 min a 98ºC; y (iii) una etapa de peróxido alcalina (PoP) utilizando 3% H2O2, 2% NaOH, 
0.1% MgSO4 y 0.5% NaSi2O3, en primer lugar durante 140 min a 105ºC bajo una presión de 6 
kg/cm2 de O2 y a continuación durante 180 min a 98ºC sin presión de O2. Después de cada etapa, la 
pasta se sometió a un lavado. 
3.1.2.3. Pasta kraft blanqueada utilizando una secuencia TCF que incluye una etapa 
enzimática con lacasa-HBT 
La secuencia de blanqueo utilizada para obtener este tipo de pastas fue similar a la secuencia 
anterior con la única diferencia de que en este caso se incluyó una etapa enzimática antes de la 
etapa de quelato (O-O-L-Q-PoP). Para ello, la pasta se trató con lacasa del hongo Pycnoporus 
cinnabarinus, utilizando una dosis de 20 U por gramo de pasta seca en presencia de 1-
hidroxibenzotriazol (HBT) al 1.5% (respecto al peso de pasta seca), durante 2 h, a pH 4, 50ºC, una 
presión de 6 kg/cm2 de O2 y con 1 min de agitación (a 60 rpm) cada 30 min. Como control se 
utilizó una secuencia química (O-O-a-Q-PoP) que incluía una etapa (denominada a) bajo las 
mismas condiciones de L pero sin lacasa ni mediador. 
To drying 
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 Figura 22. Diagrama de un proceso kraft seguido de una secuencia de blanqueo TCF (O-O-Q-PoP).
3.1.2.4.   Pasta kraft tratada con lacasa y mediadores naturales 
Estos tratamientos de la pasta kraft con el sistema lacasa-mediador se llevaron a cabo utilizando 
pasta cruda (10 g) al 3% de consistencia en 50 mM de tartrato sódico (pH 4), 200 U de lacasa de 
Pycnoporus cinnabarinus, y los mediadores naturales siringaldehído, acetosiringona y ácido p-
cumárico (6.75 mM). También se realizaron estos tratamientos con HBT (3.33 mM) para comparar 
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los resultados obtenidos con mediadores sintéticos y naturales. Los tratamientos se realizaron en  
matraces de 500 ml colocados en un baño térmico con agitación (170 rpm) a 50ºC, durante 12 h y 
con burbujeo de O2. A continuación, las pastas a un 5% de consistencia se sometieron a (i) una 
extracción alkalina usando NaOH al 1.5% (referidos al peso de pasta seco) y una temperatura de 60 
ºC durante 1 h; o (ii) a una etapa de blanqueo con H2O2 al 3% y NaOH al 1.5%, ambos referidos al 
peso de pasta seco, a una temperatura de 90ºC durante 2 h. Se realizaron varios controles con 
lacasa sin mediador, mediador solo, y lacasa desnaturalizada.  
3.1.3.  Enzimas y mediadores 
3.1.3.1.   Lacasa utilizada en los tratamientos de la pasta kraft de E. globulus 
La preparación de lacasa que se utilizó en los tratamientos de las pastas fue suministrada por 
Beldem (Andenne, Bélgica) y había sido obtenida en fermentadores a partir de cultivos de una cepa 
hiperproductora monocariótica (ss3) del hongo Pycnoporus cinnabarinus proporcionada por el 
INRA (Marsella, Francia) (Herpoël et al. 2000). La actividad de la lacasa se valoró midiendo la 
oxidación del ácido 2,2-azino-bis(3-etilbenzotiazolin-6-sulfónico) (ABTS) 5mM tamponado con 
acetato sódico 0.1 M (pH 5) a 24ºC. La formación del radical catiónico del ABTS se midió a 436 
nm (436 = 29300 M-1cm-1). Una unidad actividad enzimática se definió como la cantidad de enzima 
que transforma 1 m de sustrato por minuto.  
3.1.3.2.  Enzimas utilizadas en el aislamiento de la lignina residual de la pastas 
Las enzimas utilizadas en el procedimiento de aislamiento de la lignina residual de las pastas de 
eucalipto fueron: 
 Novozym 188 de Aspergillus niger suministradas por Novozymes, con actividad -glucosidasa 
alta  y también exocelulasa. 
 Econase CEP de Trichoderma reseii suministrada por AB-Enzymes, con actividad 
endoglucanasa alta  y exocelulosa media. 
 Proteasa alcalina de Bacillus licheniformis (Subtilisin type VIII, Sigma). 
3.1.3.3.   Mediadores utilizados en el sistema lacasa-mediador 
Los compuestos utilizados como mediadores de la lacasa fueron el HBT y los mediadores 
naturales siringaldehído (4-hidroxi-3,5-dimetoxibenzaldehído), acetosiringona (4-hidroxi-3,5-
dimetoxifeniletanona), y ácido p-cumárico (ácido 3-(4-hidroxifenil)-2-propenoico), todos ellos 
suministrados por Sigma-Aldrich. 
3.2.   MÉTODOS ANALÍTICOS 
3.2.1. Análisis de metales y otros elementos en las maderas mediante ICP-OES 
Las maderas de las diferentes especies de eucalipto, una vez lavadas y secas, se molieron en un 
molino de cuchillas y se les realizó una digestión con 4 ml ácido nítrico (HNO3) concentrado por 
0.5 mg de muestra, dejándolas 15 min en un horno microondas (Jones y Case 1990). 
Posteriormente se filtraron con filtro Whatman del número 2, y se recogieron en un matraz que se 
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enrasó hasta 50 ml. La concentración de metales en la disolución obtenida se determinó por ICP-
OES en un espectrómetro Termo Jarrel Ash, modelo IRIS Advantages. 
3.2.2. Determinación del contenido en cenizas de las maderas 
El contenido en cenizas de las maderas se determinó mediante la norma Tappi 211 om-85. Para 
ello se depositaron 200 mg de cada una de las especies de eucalipto en crisoles de porcelana 
previamente tarados y se introdujeron en la mufla a 575 ºC durante 6 h. Para tararlos se limpiaron 
con HCl y se introdujeron en la mufla a 575 ºC durante 1 h. Posteriormente se sacaron los crisoles 
de la mufla y se pesaron una vez que alcanzaron la temperatura ambiente. Los contenidos en 
cenizas se expresaron como porcentajes de la materia prima inicial.  
3.2.3. Determinación de la fracción hidrosoluble de las maderas 
El porcentaje de los compuestos hidrosolubles se determinó según la norma Tappi T 207 om-88. 
Para ello, los cartuchos de las de maderas extraídas con acetona, una vez secos, se colocaron en 
matraces con 100 ml de agua destilada y se tuvieron en un baño a 100ºC durante 3 h, al cabo de las 
cuales el extracto se concentró en rotavapor y se secó a 100ºC para su determinación gravimétrica.  
3.2.4. Determinación de la composición de los polisacáridos de las maderas 
La composición en monosacáridos neutros de las maderas de eucalipto se determinó según la 
norma Tappi T 249 om-85. Se tomaron 3 ml del hidrolizado obtenido durante la determinación de 
la lignina Klason (ver apartado 3.2.6.3), se vertieron en un tubo de centrífuga y se adicionó 1 ml de 
inositol (1 mg/ml), como patrón interno. La mezcla se neutralizó con carbonato de bario (BaCO3) 
hasta pH 7, se diluyó y se centrifugó a 9000 rpm durante 5 min. El sobrenadante del tubo se 
recogió y se secó. A continuación, se añadió NaBH4, para promover la reducción de los 
monosacáridos. Después de 12 horas, la muestra se acidificó con HCl concentrado y se secó en un 
rotavapor a 50ºC. Al residuo se le añadieron 2 ml (x 3) de metanol que se evaporaron en el 
rotavapor para eliminar el NaBH4.  Una vez reducida la muestra, se acetiló con 0.25 ml de piridina 
y 0.25 ml de anhídrido acético durante 1 h, para ser analizadas por GC en un cromatógrafo Perkin 
Elmer Sigma 3, utilizando una columna (2m x 2mm) con 3% SP-2340 sobre 100/120 Supelcoport 
como fase estacionaria, nitrógeno como gas portador (30 ml/min), una rampa de temperatura de 
10ºC/min desde 200ºC (3 min isotermo) hasta 230ºC (8 min isotermo) y un detector FID. 
3.2.5. Aislamiento y análisis de los compuestos lipofílicos de maderas, pastas y líquidos de 
proceso 
El análisis de los compuestos extraíbles lipofílicos de maderas y/o pastas requiere su aislamiento 
previo. Por ello, dichos compuestos se extrajeron con acetona en un extractor de tipo Soxhlet 
durante 8 horas. A continuación se evaporó el disolvente a sequedad en un rotavapor y la cantidad 
de extracto se determinó por gravimetría. El aislamiento de los extraíbles lipofílicos presentes en 
los líquidos de los tratamientos de la pasta kraft se realizó mediante una extracción líquido-líquido 
utilizando ter-butil metil éter (MTBE) como disolvente orgánico. Las extracciones se realizaron en 
un embudo de decantación a pH 14. Una vez extraídos los extraíbles lipofílicos, que pasan desde la 
fase acuosa (líquidos de los tratamientos) a la fase orgánica, se secaron bajo corriente de nitrógeno. 
Los extractos lipofílicos obtenidos de las pastas y los líquidos se redisolvieron en CHCl3 para su 
posterior análisis por cromatografía de gases (GC) y cromatografía de gases/espectrometría de 
masas (GC/MS).  
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3.2.5.1.   Fraccionamiento de los extractos lipofílicos mediante SPE 
Para llevar a cabo una caracterización más detallada de algunos compuestos de interés presentes 
en los extractos lipofílicos se procedió a su aislamiento y purificación mediante SPE según el 
método previamente descrito (Gutiérrez et al. 1998a), y tal como se muestra en la Figura 23.  
El extracto lipídico de las maderas de eucalipto se fraccionó en cartuchos (500 mg) con fase 
aminopropilo (Waters, Millipore). El extracto seco (5-10 mg) se resuspendió en un volumen 
mínimo (<0.5 ml) de hexano-CHCl3 (4:1) con el que se cargó el cartucho, previamente 
acondicionado con hexano (4 ml). La primera fracción se eluyó con 8 ml de hexano (fracción A), 
que contiene los compuestos más apolares como ésteres de esteroles, ceras e hidrocarburos, la 
segunda fracción se eluyó con 6 ml de hexano-CHCl3 (5:1) (fracción B), rica en triglicéridos, la 
tercera con 10 ml de CHCl3 (fracción C), que contiene principalmente esteroles y alcoholes libres y 
por último la cuarta fracción se eluyó con 10 ml de una mezcla de éter etílico-ácido acético (98:2) 
(fracción D), conteniendo compuestos ácidos. Cada fracción aislada se secó con nitrógeno, se pesó 
y se procedió a su análisis por GC y GC/MS. 
3.2.5.2.   Análisis de los extractos lipofílicos mediante GC y GC/MS  
En el análisis de lípidos mediante GC y GC/MS, las características de las columnas 
cromatográficas utilizadas fueron las adecuadas para poder separar e identificar compuestos de alto 
peso molecular como ceras, ésteres de esteroles, triglicéridos, etc. Previamente se habían realizado 
estudios sobre procedimientos para el análisis de los extractos lipofílicos de maderas (Gutiérrez et
al. 1998a; 2004) por GC y GC/MS en donde se usaron diversas columnas de diferente longitud y 
diferentes programas de temperatura. En estos estudios, las columnas capilares seleccionadas para 
el análisis de lípidos por GC fueron de longitud corta (de 5 m) ya que proporcionan una 
conveniente elución y separación de lípidos de alto peso molecular (Wakeham y Frew 1982; Lusby 
et al. 1984; Evershed et al. 1989; Sitholé et al. 1992; Örså y Holmbom 1994), además de que el 
análisis se realiza en un corto período de tiempo (20 min). Columnas menores de 5 m no son 
convenientes ya que no proporcionan la resolución necesaria para análisis cuantitativos. En nuestro 
caso, los análisis cromatográficos de los extractos se llevaron a cabo en un cromatógrafo de gases 
Agilent 6890N equipado con un detector de ionización de llama (FID) y una columna capilar corta 
de sílice fundida (DB-5HT, J&W; 5 m x 0.25 mm ID y 0.1 m de espesor de película). El 
programa de calentamiento del horno comenzó a 100°C (1 min), seguido de un incremento de 
temperatura hasta 350°C (3 min) a 15ºC/min. Las temperaturas del inyector y del detector se 
mantuvieron a 300°C y 350°C, respectivamente. El gas portador que se utilizó fue Helio y la 
inyección se realizó en modo splitless. 
En el caso de los análisis por GC/MS, los cromatogramas obtenidos tienen que ser reproducibles 
con los obtenidos por GC usando columnas capilares de 5 m para identificar los diferentes 
compuestos. No obstante, en el sistema GC/MS, debido a las condiciones de alto vacío a las que 
opera, no se pueden usar columnas tan cortas, utilizándose normalmente columnas de 10-15 m. En 
nuestro caso, el análisis mediante GC/MS se llevó a cabo en un cromatógrafo de gases Varian Star 
3400 acoplado a un detector de trampa de iones (ITD, Varian Saturn 2000), usando una columna 
capilar de sílice fundida (DB-5HT, J&W; 12 m x 0.25 mm ID, con espesor de película de 0.1 m). 
El horno se calentó de 120°C (1 min) a 380°C (5 min) a 10ºC/min. La línea de transferencia se 
mantuvo a 300ºC. La temperatura del inyector se programó de 120ºC (0,1 min) a 380°C con una 
rampa de 200ºC/min y manteniéndose hasta el final del análisis. El  gas portador utilizado fue 
Helio. La identidad de cada componente se determinó por comparación de sus espectros de masas 
con los espectros existentes en las librerías (Wiley y NIST) y con espectros publicados 
anteriormente, por sus fragmentaciones y, cuando fue posible, por comparación con patrones. 
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Figura 23. Esquema del fraccionamiento de un extracto lipídico de eucalipto mediante SPE. 
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3.2.5.3.   Saponificación de ésteres de esteroles 
La identificación completa de la estructura de los ésteres de esteroles requiere la hidrólisis 
previa del enlace éster, ya que los espectros de masas de estos compuestos se caracterizan por ser 
similares a los de los esteroles libres que lo componen, no apareciendo generalmente ningún 
fragmento correspondiente al ión molecular (Lusby et al. 1984; Evershed et al. 1989). Para el 
análisis de los ésteres de esteroles, la fracción A, separada por SPE, se hidrolizó a reflujo con una 
disolución de KOH 0.5 M al 90% en etanol durante 8 h (Gutiérrez et al. 1999a). Una vez finalizada 
la saponificación, se realizó una extracción líquido-líquido con hexano (3 x 20 ml) extrayéndose la 
fracción neutra (contiene los esteroles libres), la cual se secó en el rotavapor. Por otro lado, la fase 
acuosa se acidificó con HCl (6N) y la fracción ácida (contiene los ácidos grasos libres) se extrajo 
igualmente con hexano (3 x 20 ml) y se secó en el rotavapor. Ambas fracciones se analizaron por 
GC y GC/MS. 
3.2.5.4.   Métodos de derivatización 
Muchos compuestos orgánicos no pueden analizarse en condiciones óptimas por GC debido a su 
baja volatilidad y/o inadecuada separación en columnas de poca polaridad. En estos casos es 
necesario recurrir a métodos de derivatización para hacerlos más volátiles. Las técnicas empleadas 
en esta Tesis incluyeron la metilación de grupos carboxilo y la silanización de grupos hidroxilo. 
La metilación de los grupos carboxílicos de ácidos grasos libres, hidroxiácidos y grupos 
fenólicos se realizó con (trimetilsilil)diazometano (TMSD) suministrado por Sigma-Aldrich. Para 
ello, una vez seca la muestra, se añadió 0.1 ml de metanol y 25 l de una solución de TMSD 2.0 M 
en hexano y se mantuvo 20 min en el baño de ultrasonidos. A continuación se evaporó con 
nitrógeno hasta sequedad, para resuspenderla en CHCl3 y analizarla por GC/MS. 
La silanización de los grupos hidroxilo de alcoholes, esteroles, etc, se realizó con N,O-bis-
(trimetilsilil)-trifluoroacetamida (BSTFA) suministrado por Sigma. Para ello, una vez seca la 
muestra, se añadió 0.1 ml de BSTFA y 0.2 ml de piridina. A continuación se calentó a 70ºC durante 
2 h y se evaporó la mezcla con nitrógeno hasta sequedad. Posteriormente, se redisolvió en CHCl3 
para analizarla por GC/MS. 
3.2.5.5.   Cuantificación  
Los picos cromatográficos correspondientes a los extraíbles lipofílicos se cuantificaron a partir 
de sus áreas en los cromatogramas. Se utilizó una mezcla de compuestos patrones suministrados 
por Sigma-Aldrich (octadecano, hexadecanol, ácido palmítico, sitosterol, 7-oxocolesterol, sitosteril 
3-D-glucopiranósido, colesterol oleato y triheptadecanoína) en la obtención de la recta de 
calibrado utilizada para la cuantificación de los extraíbles lipofílicos, con un rango de 
concentración comprendido entre 0.1 y 1 mg/ml. En todos los casos se obtuvo un coeficiente de 
correlación  mayor de 0.99. 
3.2.5.6. Análisis de esteroles libres en las pastas tratadas con el sistema lacasa-mediador 
mediante microscopía de fluorescencia  
El efecto del tratamiento del sistema lacasa-mediador sobre la distribución de esteroles libres en 
las pastas de eucalipto se analizó por microscopía de fluorescencia tras tinción de la pasta con 
filipina (antibiótico poliénico). La filipina tiene la capacidad de unirse de forma específica a los 
esteroles libres que presentan un doble enlace en  C-5, como ocurre en el sitosterol (Speranza et al. 
2002). Los efectos producidos por los tratamientos se evaluaron por comparación con controles. 
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3.2.6.   Aislamiento y análisis de la lignina de maderas y pastas 
3.2.6.1.   Determinación de la lignina Klason  
El contenido en lignina de las maderas se determinó por el método Klason según la norma Tappi 
T222 om-88 (Tappi 2004), con algunas modificaciones. En este método, las maderas molidas de las 
distintas especies de eucalipto, libres de compuestos extraíbles, se sometieron a una hidrólisis con 
H2SO4 al 72% (p/p), a 30ºC durante 1 h. Posteriormente, la solución se diluyó hasta alcanzar una 
concentración (4%) en H2SO4 y se autoclavaron (1h a 110ºC). A continuación, las muestras se 
filtraron, guardándose los primeros 100 ml para el posterior análisis de los azúcares libres y el 
residuo insoluble (lignina Klason) se lavó con agua destilada hasta pH neutro y se secó para su 
cuantificación gravimétrica.  
3.2.6.2.   Aislamiento de la lignina de las maderas 
La lignina de las maderas se extrajo según el protocolo desarrollado por Björkman (1956). Este 
protocolo consiste en extraer la lignina de madera finamente molida a la que, previamente, se le ha 
sometido a un proceso de extracción tanto de compuestos lipofílicos como de hidrosolubles. El 
grado de molienda deseado se alcanzó utilizando un molino de bolas centrífugo modelo Retsch 
S100 durante 150 h. La madera finamente molida se extrajo con dioxano-agua (9:1, utilizando 250 
ml por cada 10 g de muestra) durante 12 h. Posteriormente, se centrifugó (25 min, 4ºC y 11000 
rpm) y se recogió el sobrenadante (que contiene la lignina) en un matraz, repitiéndose este proceso 
dos veces de forma consecutiva, y se secó en rotavapor a 40ºC. A continuación, el residuo seco se 
disolvió en una mezcla ácido acético:agua (9:1), añadiéndose 20 ml por cada gramo de residuo 
seco y esta disolución  se añadió lentamente a un vaso con agua destilada (225 ml por cada gramo 
de lignina) en constante agitación. La lignina precipitó y se recogió tras centrifugación. Una vez 
seco el residuo, se trituró en un mortero de ágata para facilitar su disolución en una mezcla 1,2-
dicloroetano-etanol (2:1) y de nuevo se volvió a centrifugar a baja velocidad (5000 rpm durante 5 
min) recuperando el sobrenadante, que contiene la lignina. Éste se dispersó gota a gota, sin agitar, 
en éter dietílico (225 ml es suficiente para 0.5-1 g de lignina), precipitando la lignina. Se volvió a 
centrifugar (5000 rpm durante 5 min) y el residuo se resuspendió en éter de petróleo en el que se 
dejó durante 12 horas. Finalmente, se centrifugó y se secó mediante corriente de nitrógeno y se 
conservó a 4ºC, preservándola de la luz y el aire para evitar su oxidación hasta el momento del 
análisis. Con este método se obtuvo una lignina poco degradada y con una estructura similar a la de 
la lignina nativa de la madera. 
3.2.6.3.   Aislamiento de la lignina residual de las pastas 
El aislamiento enzimático utilizando celulasas es una alternativa para aislar la lignina residual de 
las pastas y se basa en una hidrólisis suave de los polisacáridos de la pasta seguida de etapa de 
purificación de la lignina (Hortling et al. 1990; 1992; Chang 1992; Tamminen y Hortling 1999). 
Este método se ha utilizado principalmente para aislar ligninas de pastas de maderas blandas 
(coníferas). Estudios previos han mostrado que el aislamiento enzimático a partir de pastas de 
eucalipto y otras maderas duras (frondosas) es más complicado debido a problemas de 
contaminación y a los bajos rendimientos (Duarte et al. 2000), por lo que se optimizaron las 
condiciones para la hidrólisis enzimática de los polisacáridos de pastas kraft de eucalipto así como 
la posterior purificación de las ligninas residuales obtenidas, siguiendo el protocolo de aislamiento 
establecido por Ibarra et al. (2004). Tras optimizar la hidrólisis, se trataron las pastas (50 g en peso 
seco) con 10 g de Econasa CEP y 3,6 ml de Novozyme 188 (con un contenido en proteína de 23 
mg/ml) durante 48 h. La hidrólisis enzimática se llevó a cabo a pH 5 (en tampón acetato 50 mM), 
50ºC y 180 rpm, con una consistencia de la pasta del 5%. La fracción insoluble se lavó con el 
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tampón anterior hasta que no se detectó glucosa en los lavados. De la fracción soluble (hidrolizado 
con celulasa) se obtuvo un precipitado tras añadir NaCl saturado (1:1) y acidificar a pH 2,5 con 
HCl. Se utilizaron dos métodos para la purificación del residuo no hidrolizado y de la fracción 
ácido-precipitable del hidrolizado, que contenían contaminación proteica. El primer método se basó 
en la hidrólisis con una proteasa alcalina de Bacillus licheniformis (Subtilisin type VIII, Sigma-
Aldrich) al 2% (Tamminen y Hortling 1999). La reacción se llevó a cabo a pH 9.6 (en tampón 
NaHCO3 0.5 M), 37ºC, con agitación suave durante 24 h. La solución se centrifugó (11000 rpm, 5 min, 5ºC) y tanto la parte insoluble como el sobrenadante se recuperaron. El sobrenadante se 
acidificó a pH 2,5 con HCl, obteniéndose un precipitado. El segundo método se basó en la 
extracción de la lignina utilizando dimetilacetamida (DMAC) y NaOH (Hortling et al. 1992). 
Muestras (50 mg) procedentes de la hidrólisis enzimática se disolvieron a 60ºC durante 1 h en 1 ml 
de DMAC. La lignina se precipitó al añadir la solución de DMAC sobre éter dietílico y se aisló por 
centrifugación (13000 rpm durante 5 min a 5ºC). La fracción obtenida se disolvió en 15 ml de 
NaOH 0,5 M a temperatura ambiente (1 h). La solución se acidificó a pH 2,5, y se centrifugó 
(13000 rpm, 5 min a 5ºC) para obtener la lignina residual purificada. Finalmente, se ensayó una 
combinación de ambos métodos de purificación mediante la mezcla de las dos fracciones obtenidas 
después de la hidrólisis con proteasa y posterior purificación con solventes bajo las condiciones 
descritas anteriormente. De esta forma se obtuvo una única muestra de lignina residual a partir del 
hidrolizado con celulasa y una segunda del residuo de la hidrólisis con celulasa (Ibarra et al. 2004).  
El esquema detallado del procedimiento de aislamiento de la lignina residual se muestra en la 
Figura 24. 
Figura 24. Esquema para el aislamiento de la lignina residual de pastas de eucalipto mediante hidrólisis 
enzimática (A), seguida de purificación mediante hidrólisis con proteasa (B), extracción con solventes (C), y una 
combinación de ambas (D), obteniéndose cuatro fracciones de lignina procedentes del residuo de la hidrólisis (R1-
R4) y otras cuatro fracciones procedentes del hidrolizado (H1-H4) (los rendimientos entre paréntesis 
corresponden a la lignina aislada de la pasta cruda, y se calcularon a partir de su índice kappa).  
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3.2.6.4.   Análisis de la lignina mediante Py-GC/MS  
La pirólisis es un método degradativo que transforma compuestos complejos no volátiles en una 
mezcla de fragmentos volátiles por descomposición térmica en ausencia de oxígeno (Meier y Faix 
1992; Fullerton y Franich 1983). En la pirólisis se producen roturas de los enlaces por acción del 
calor, ya que cuando la energía aplicada a la molécula es mayor que la energía de enlaces 
específicos ocurre la disociación de éstos de una forma predecible y reproducible, pudiendo 
obtener cierta información en relación a la molécula original a través del análisis de los productos 
de degradación formados. Los fragmentos resultantes de la pirólisis se pueden separar por GC e 
identificar por MS. La Py-GC/MS es un método poderoso para el análisis de materiales 
lignocelulósicos, especialmente de la lignina, ya que aunque las cadenas laterales de los 
monómeros de la lignina se destruyan parcialmente, los sustituyentes metoxilos característicos de 
las diferentes unidades H, G, S de la lignina permanecen. La lignina se piroliza produciendo una 
mezcla de compuestos fenólicos que resultan de la rotura no sólo de enlaces éter, sino también de 
ciertos enlaces C-C, reteniendo estos fenoles las características de sustitución del polímero de 
lignina y siendo posible por lo tanto identificar los diferentes componentes de ligninas provenientes 
de unidades H, G y S. La Py-GC/MS presenta diversas ventajas frente a otros métodos 
degradativos, pues es una técnica analítica rápida que proporciona resultados en apenas un paso, 
siendo necesaria poca cantidad de muestra y una simple preparación de la misma (secar y pesar). 
También presenta ventajas frente a los métodos clásicos de análisis de la lignina, pues no es 
necesario aislar la lignina de la muestra, permitiendo el análisis de la lignina in situ. 
En la presente Tesis, la pirólisis de la madera se llevó a cabo en un pirolizador CDS Pyroprobe 
con un sistema automático de muestreo (AS-2500 Autosampler). La muestra (aproximadamente 
100 g) se colocó en un tubo de cuarzo de 2 mm x 40 mm. La pirólisis se llevó a cabo a 550ºC 
durante 10 s y la cámara de pirólisis (a 250ºC) se purgó con Helio. El pirolizador estaba conectado 
a un cromatógrafo de gases Agilent 6890 con una columna capilar DV-1701 (60 m x 0,25 mm ID y 
un grosor de película de 0,25 m) acoplado a un espectrómetro de masas Agilent 5973 N. El 
cromatógrafo se programó de 45ºC (4 min) a 280ºC con un incremento de 4ºC/min. La temperatura 
final se mantuvo durante 15 min. Las temperaturas del inyector y la línea de transferencia fueron de 
250ºC y 280ºC, respectivamente. En algunos casos particulares, las pirólisis se realizaron en otros 
equipos cuyas características se encuentran detalladas en sus respectivas publicaciones. Los 
compuestos obtenidos mediante Py-GC/MS se identificaron por comparación con la literatura (Faix 
et al. 1990; Ralph y Hatfield 1991) y con los incluidos en las librerías de espectros de masas Wiley 
y NIST. 
3.2.6.5.   Análisis de la lignina mediante tioacidolisis  
El principio general de la tioacidolisis consiste en una solvólisis en una mezcla de dioxano y 
etanotiol en presencia de eterato de trifluoruro de boro en medio anhidro (Lapierre et al. 1985; 
Rolando et al. 1992; Grabber et al. 1996). Las condiciones de la solvólisis son suaves y combinan 
el efecto de un ácido de Lewis fuerte (Et2O-BF3)  y el efecto de un nucleófilo suave (EtSH) (Node 
et al. 1976; Fuji et al. 1979). La tioacidolisis provoca la rotura específica de las uniones alquil-aril-
éter (-O-4’ y -O-4’) de las ligninas y permite, mediante el análisis de los productos de 
degradación, estimar el porcentaje de monómeros de la lignina unidos por estos tipos de enlaces 
(Figura 25).  
En un frasco pyrex se introdujeron 5 mg de MWL y se añadieron 5 ml de reactivo de 
tioacidolisis consistente en una disolución de Et2O-BF3 0.2 M en una mezcla de  dioxano/etanotiol 
8.75:1 (v/v). Se creó en el interior del frasco una atmósfera inerte de nitrógeno y se colocó un tapón 
de teflón. A continuación se introdujo en un baño de aceite donde permaneció durante 4 h a 100ºC. 
Una vez transcurrido este tiempo, se enfrió el frasco y su contenido junto con 15 ml (3x5 ml) de 
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agua destilada (utilizada para limpiar el frasco), se vertió en un embudo de separación que contenía 
30 ml de diclorometano con 1 mg de tetracosano (patrón interno para el análisis cromatográfico). 
Se ajustó el pH de la fase acuosa a 3-4 con una disolución de bicarbonato sódico NaHCO3 y se 
extrajo con CH2Cl2  (3x50 ml). Las fases orgánicas se unieron y el volumen total se rotaevaporó a 
40ºC. Posteriormente, el residuo se resuspendió en un volumen de 0.5-1ml de diclorometano, se 
tomaron 100 l y se silanizaron con BSTFA y piridina para su posterior análisis por GC (Lapierre 
et al. 1986). Se utilizó un cromatógrafo de gases Hewlett-Packard 6890 equipado con una columna 
capilar  Rtx 5 column  de Restec Corporation (45 m x 0.32 m ID, 0.25 m espesor) y un detector 
de llama. La temperatura del horno se programó para pasar de 180ºC a 270ºC a 40ºC/min, 
permaneciendo a esta temperatura 15 min y finalmente subir hasta  300ºC a una velocidad de 
4ºC/min  manteniéndose 5 min. Las temperaturas del inyector y el detector fueron 250ºC y 280 ºC, 
respectivamente, y como gas portador se utilizó He. 
Por otro lado, entre los productos de tioacidolisis, además de los monómeros, se obtienen 
dímeros y trímeros (estructuras condensadas). Los monómeros que constituyen estas estructuras se 
encuentran unidos a través de enlaces más resistentes (-5’, -’, 5-5’, 4-O-5’ y -1’) y pueden 
aportar una información muy valiosa acerca de la estructura del polímero de lignina.  
R1=H, OMe R2=H, lignina R3, R4 =H, lignina
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Figura 25. Mecanismo de la tioacidolisis de la lignina. Adaptado de Lin y Dence (1992). 
 
El análisis de los dímeros y trímeros obtenidos en la tioacidolisis requirió una desulfuración 
previa que se llevó a cabo siguiendo el protocolo descrito por Lapierre et al. (1991). Para ello se 
tomaron 200 l de la disolución de CH2Cl2 obtenida tras la tioacidolisis (sin  silanizar) y se 
introdujeron en un frasco pyrex  junto con 1 ml de Ni Raney (Sigma, 50% slurry en H2O, pH 10) y 
5 ml de metanol. Se cerró el frasco con un tapón de teflón y se calentó durante 4 h a 80ºC en un 
baño de aceite con agitación ocasional. Trascurrido este tiempo se vertió el contenido en un 
embudo de decantación junto con 10 ml de H2O y 10 de CH3OH (utilizados para lavar el frasco 
pyrex). A continuación, se ajustó al pH entre 3-4 con HCl 6N y se extrajo con CH2Cl2. 
Posteriormente, al igual que en la tioacidolisis, se rotaevaporó el CH2Cl2. Se resuspendió el 
extracto en 0,5 ml de CH2Cl2 y se silanizaron 100 l para su análisis por GC/MS. El análisis de los 
compuestos diméricos se realizó en un equipo Varian Star 3400 acoplado a un detector de trampa 
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de iones Varian Saturn 2000, utilizando una columna capilar DB-5HT J&W Scientific (30 m x 0.25 
mm ID, 0.1 m de espesor de película). La temperatura del horno se programó desde 50ºC hasta 
110ºC a 30ºC/min y desde aquí hasta 320ºC a 6ºC/min, permaneciendo a esta temperatura 13 min. 
Las temperaturas del inyector y de la línea de transferencia fueron 300ºC. Para el análisis de la 
compuestos triméricos se utilizó una columna capilar de las mismas características que la anterior, 
aunque con una longitud menor (12 m), y un cromatógrafo Varian 3800 acoplado a un detector de 
trampa de iones Varian 4000 (con un límite de detección de masas de 1000 m/z). El programa de 
temperaturas en este caso comenzó a 60ºC (1 min) y subió hasta 380ºC a 10ºC/min, permaneciendo 
5 min a esta temperatura. La temperatura de la línea de transferencia fue de 300ºC, mientras que la 
del inyector se programó  desde 120ºC (0.1 min) hasta 380ºC a 200ºC/min. El He se utilizó como 
gas portador (2 ml/min) tanto en el análisis de los dímeros como en el de trímeros, y se utilizó 
tetracosano como patrón interno. La identificación de los compuestos se realizó a partir de los 
espectros de masas publicados (Lapierre et al. 1991; Saito y Fukushima 2005) y a partir de sus 
patrones de fragmentación. 
3.2.6.6.   Análisis de los productos de tioacidolisis mediante SEC 
La cromatografía de exclusión molecular es un tipo de cromatografía líquida que se utiliza para 
separar los componentes de una mezcla en función de su tamaño. En los estudios de caracterización 
de ligninas puede ser utilizada para determinar la distribución de pesos moleculares de las ligninas 
aisladas (Gellerstedt 1992) y también para estimar las proporciones relativas de monómeros, 
dímeros, trímeros y oligómeros que se obtienen tras someter la lignina a un proceso de tioacidolisis 
(Suckling et al. 1994; Önnerud y Gellerstedt 2003). En nuestro caso, para el análisis de los 
productos de tioacidolisis de las MWL de eucalipto, se acetiló previamente la muestra con 
anhídrido acético y piridina (Gellerstedt 1992) y se hizo pasar a través de tres columnas Styragel 
(HR4, HR2 y HR0.5) de 7.8 x 300 mm cada una, colocadas en serie, utilizando tetrahidrofurano 
(THF) como fase móvil y un detector ultravioleta (UV) a una longitud de onda de 280 nm. 
3.2.6.7.   Análisis de la estructura de la lignina mediante 2D-NMR 
La NMR, tanto de 1H como de 13C, es uno de los métodos más empleados dentro las técnicas no 
degradativas para analizar la lignina, que ofrece una información en detalle de la estructura de la 
lignina, incluyendo los diferentes tipos de unidades y los enlaces que se establecen entre ellas 
(Robert 1992). En los últimos años, se ha desarrollado la NMR bidimensional (2D-NMR) y 
tridimensional (3D-NMR), en las que se establecen correlaciones 1H-13C, entre otras. Estas técnicas 
proporcionan una información detallada de la estructura de la lignina y resuelve señales que 
aparecían solapadas en los espectros unidimensionales (Capanema et al. 2001; Ralph et al. 2001; 
Liitiä et al. 2003). La 2D-NMR se considera en la actualidad la técnica más potente en el análisis 
de la estructura de la lignina y a través de ella se han podido identificar nuevas estructuras en el 
polímero de la lignina, como las dibenzodioxocinas (Karhunen et al. 1995) y las espirodienonas 
(Zhang y Gellerstedt 2001; Zhang et al. 2006).  
Los experimentos de NMR que se llevaron a cabo en esta Tesis fueron HSQC (Heteronuclear
Single Quantum Correlation), HMBC (Heteronuclear Multiple Bond Correlation) y HSQC-
TOCSY (Total Correlation Spectroscopy). El análisis HSQC proporciona correlaciones a través de 
acoplamiento escalar a un enlace entre un protón y el heteronúcleo al que está directamente unido. 
Los espectros HSQC de lignina se caracterizan por presentar tres regiones bien diferenciadas: 
región alifática, región alifática oxigenada y región aromática (Figura 26). La región alifática 
oxigenada es la más importante para el estudio de la estructura de la lignina ya que en esta zona se 
encuentran las correlaciones de la mayoría de los enlaces que tienen lugar entre las distintas 
unidades estructurales. La región aromática es la más importante desde el punto de vista de la 
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composición de la lignina, ya que en esta zona aparecen las correlaciones de las distintas unidades 
H, G y S. En los espectros HMBC las señales que se observan corresponden a las correlaciones 
entre un protón y un heteronúcleo (por ej. 13C, o 15N) situado a una distancia de 2 o 3 enlaces, 
aunque en ocasiones se puede llegar a observar correlaciones de hasta 4 enlaces. El experimento 
HMBC permite establecer correlaciones con carbonos cuaternarios que tengan un protón a dos o 
tres enlaces con mucha mejor sensibilidad que en el espectro monodimensional de 13C. En este 
experimento se suprimen las correlaciones del isotopómero de 1H directamente unido al 
heteronúcleo (a un enlace), por lo que este experimento es complementario del HSQC. Las señales 
de cruce observadas en los espectros bidimensionales de la lignina se asignaron principalmente por 
comparación con los existentes en la literatura (Capanema et al. 2001; 2004; 2005; Balakshin et al. 
2003; Liitiä et al. 2003; Ralph et al. 1999; 2004) y mediante la combinación del HSQC y del 
HMBC. Por último, los espectros TOCSY proporcionan información acerca de las correlaciones 
protón-protón a larga distancia (4-5 enlaces). 
 
 
Los espectros de NMR de ligninas se registraron en un espectrómetro Bruker AVANCE 500 
MHz, equipado con una sonda triple con gradientes en el eje z, a una temperatura de 298ºK. Se 
disolvieron 40 mg en 0.75 ml de dimetilsulfóxido deuterado (DMSO-d6). Los experimentos HSQC 
se realizaron con 96 acumulaciones, empleando una matriz de datos de 256, 320 o 384 incrementos 
en la dimensión indirecta, y adquiriendo 1024 puntos en la dimensión de adquisición. La anchura 
espectral fue de 150 o 176 ppm en la dimensión indirecta y de 11.90 ppm en la de adquisición. La 
constante de acoplamiento 1JCH utilizada fue de 140 Hz. La intensidad de las señales en los 
espectros HSQC dependen del valor de esta constante así como del tiempo de relajación T2 (Zhang 
y Gellerstedt 2007). Por ello, la integración de las señales se realizó por separado en cada una de 
las regiones del espectro, utilizando las señales correspondientes a correlaciones C-H 
Figura 26. Espectro HSQC de MWL donde se pueden observan sus tres regiones características. 
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químicamente análogas, con constantes de acoplamiento 1JCH similares. En la región alifática 
oxigenada, las abundancias relativas de las diferentes subestructuras de la lignina se estimaron 
mediante la integración de las correlaciones C-H. En la región aromática, las correlaciones 1H-
13C de las unidades S y G se usaron para estimar las relaciones S/G.  
Para el análisis de las maderas “in situ” por NMR, sin aislamiento previo de la lignina, se 
disolvieron 100-150 mg de madera finamente molida (libre de extraíbles lipofílicos y polares) en 
0.75 ml de DMSO-d6, obteniéndose en este caso geles. Las condiciones de adquisición de los 
espectros HSQC de las maderas fueron idénticas a las utilizadas en los espectros HSQC de las 
ligninas.  
Los experimentos HMBC de las ligninas se realizaron con 96 o 128 acumulaciones empleando 
una matriz de datos de 256 o 384 incrementos en la dimensión indirecta y adquiriendo 2048 puntos 
en la dimensión de adquisición. La anchura espectral fue de 209 o 250 ppm en la dimensión 
indirecta y de 11.90 ppm en la de adquisición. En cuanto a los experimentos HSQC-TOCSY se 
realizaron con 64, 80 o 96 acumulaciones empleando una matriz de datos de 256 o 384 incrementos 
en la dirección indirecta y adquiriendo 1024 o 2048 puntos en la dimensión de adquisición. Las 
anchuras espectrales fueron las mismas de los espectros HSQC. 
3.2.6.8.   Análisis de la estructura de la lignina mediante FT-IR 
La espectroscopía infrarroja de transformada de Fourier (FTIR) es una técnica no degradativa 
que nos permite detectar estructuras aromáticas y grupos funcionales, así como el contenido en 
unidades H, G y S de la lignina. Los espectros FTIR se obtuvieron con un espectrofotómetro 
Broker IF-28 utilizando 1 mg de lignina en 300 mg de KBr. Se acumularon un total de 50 
interferogramas y el espectro se corrigió por sustracción de la línea base entre los valles situados 
alrededor de 1850 y 900 cm-1. Para la estimación de la relación S/G se estimaron las intensidades 
de las bandas alrededor de 1327 cm-1
 
(para unidades S) y 1271 cm-1
 
(para unidades G), tras 
aumentar la resolución (sustracción de 1000 veces la segunda derivada) y realizar un suavizado (x 
100) del espectro y corregir la línea base entre los valles a 1401 y 1172 cm-1
 
(Bechtold et al. 1993).  
3.2.7.   Evaluación de las propiedades de la pasta  
La blancura, el índice kappa (como una estimación del contenido de lignina) y la viscosidad 
intrínseca de la pasta se estimaron mediante los métodos estándar ISO (International Organisation 
for Standardization Documentation and Information 2003) 3688:1999, 302:1981 y 5351/1:1981, 
respectivamente. El contenido de ácidos hexenurónicos (HexA) en las pastas se midió por 
cuantificación espectrofotométrica (Vuorinen et al. 1999) utilizando un factor de 0.086 para 
calcular su contribución al índice kappa.  
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Abstract
The lipid and lignin compositions of woods from the
eucalypt species Eucalyptus globulus, E. nitens, E. mai-
denii, E. grandis, and E. dunnii have been characterized.
The lipid composition was analyzed by GC and GC/MS
using short- and medium-length high-temperature cap-
illary columns, which allowed the detection of intact high-
molecular-weight compounds. Similar lipid compositions
were observed in all eucalypt woods, which were domi-
nated by sitosterol, sitosterol esters and sitosteryl 3b-D-
glucopyranoside. These substance classes are mainly
responsible for pitch deposition during kraft pulping of
eucalypt wood. However, some quantitative differences
were found in the abundance of different lipid classes,
with wood from E. globulus containing the lowest
amounts of these pitch-forming compounds. The lignins
of all eucalypt woods were analyzed in situ (without pre-
vious isolation) by pyrolysis-GC/MS. A predominance of
syringyl (S) over guaiacyl (G) lignin units was observed
and the S/G ratio was in the range from 2.7 to 4.1. E.
globulus wood had the highest S/G ratio, a finding that,
together with its low lignin content, explains its easy de-
lignification under kraft cooking conditions.
Keywords: eucalypt wood; lignin; lipids; sitosterol; sito-
steryl 3b-D-glucopyranoside; sitosterol esters; S/G ratio.
Introduction
Eucalypt wood is used as a raw material for paper pulp
manufacturing in Southwest Europe, Brazil, South Africa,
Japan and other countries. Among the different eucalypt
species, wood from Eucalyptus globulus is the best raw
material for kraft pulp manufacturing, giving a very high
pulp yield (del Rı´o et al. 2005). The composition of E.
globulus wood has been widely characterized, including
the lipid fraction (Gutie´rrez et al. 1998a, 1999, 2001a,b;
del Rı´o et al. 1998, 2000; Gutie´rrez and del Rı´o 2001;
Freire et al. 2002, 2006) and the lignin composition (Ona
et al. 1997; Rodrigues et al. 1999; Evtuguin et al. 2001;
del Rı´o et al. 2001a,b, 2002, 2005). However, besides E.
globulus, other eucalypt species are also used for paper-
making, but their chemical compositions have not been
characterized. Only some limited information regarding
the composition of lipophilic extractives from E. grandis
and E. urograndis wood (Freire et al. 2006) and the lignin
composition of E. camaldulensis and E. grandis (Ona
et al. 1997; Gonza´lez-Vila et al. 1999; Yokoi et al. 1999,
2001; Capanema et al. 2005) is available.
In this paper, we report the lipid and lignin composition
of woods from E. globulus, E. nitens, E. maidenii, E. gran-
dis, and E. dunnii, which are widely used for paper-
making. The content and chemical structure of wood
components, in particular the lignin content and its com-
position in terms of its p-hydroxyphenyl (H), guaiacyl (G)
and syringyl (S) moieties, are important parameters in
pulp production in terms of delignification rates, chemical
consumption and pulp yields. The higher reactivity of S
lignin compared to G lignin in alkaline systems is known
(Chang and Sarkanen 1973; Tsutsumi et al. 1995) and
therefore the lignin S/G ratio in hardwoods affects the
pulping efficiency. It has already been shown for eucalypt
woods that higher S/G ratios imply higher delignification
rates, lower alkali consumption and therefore higher pulp
yield (Gonza´lez-Vila et al. 1999; del Rı´o et al. 2005). In
this work, the lignin composition of different eucalypt
woods was characterized in situ by pyrolysis-GC/MS
(Py-GC/MS), for which the wood itself was pyrolyzed
without lignin isolation. Py-GC/MS is a rapid and highly
sensitive technique for characterizing the chemical struc-
ture of lignin in low amounts of wood (Faix et al. 1990;
Ralph and Hatfield 1991). Py-GC/MS has already been
successfully used for the calculation of lignin S/G ratios
in wood, including woods from different eucalypt species
(Rodrigues et al. 1999; Yokoi et al. 1999, 2001; del Rı´o
et al. 2005).
On the other hand, extractives, especially lipophilic
compounds, are also important during pulp and paper
production. Extractives are released from fibers during
pulping and can form colloidal pitch and cause produc-
tion problems such as deposits. In the manufacture of
alkaline pulps, a large proportion of the lipids is removed
from the wood during cooking. However, some sub-
stances survive this process and are detectable as pulp
extractives. If they form so-called pitch deposits in water
circuits, the consequences are serious: reduced product
quality and higher operating costs due to production
stops for equipment cleaning (Hillis and Sumimoto 1989;
Back and Allen 2000; Gutie´rrez et al. 2001c). The increas-
ing trend in recirculating water in pulp mills aggravates
these problems. Pitch deposits have been reported to
occur in pulp mills cooking E. globulus wood. Free and
conjugated (esters and glucosides) sterols are the main
lipophilic compounds responsible for pitch deposition
(del Rı´o et al. 1998, 2000; Gutie´rrez et al. 1998a, 1999;
Silvestre et al. 1999; Gutie´rrez and del Rı´o 2001). In this
paper, lipids were analyzed by GC and GC/MS using
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Table 1 Kraft cooking results for woods from different eucalypt
species selected for this study.
Wood Density Active Kappa Pulp Viscosity
(kg m-3) alkali number yield (ml g-1)
(%) (%)
E. globulus 600 13.0 16.1 59.5 1413
E. nitens 450 17.5 16.3 50.4 1177
E. maidenii 600 18.0 16.5 50.8 1093
E. grandis 435 17.0 15.7 49.7 1148
E. dunnii 595 20.0 16.1 48.7 931
short- and medium-length, high-temperature, thin-film
capillary columns, respectively, according to the method
previously described (Gutie´rrez et al. 1998b). This meth-
od allows the elution and analysis of intact high-molec-
ular-weight lipids such as waxes, sterol esters, sterol
glycosides and triglycerides.
Materials and methods
Samples
Wood samples (E. globulus, E. nitens, E. maidenii, E. grandis,
and E. dunnii) were provided by the ENCE pulp mill in Ponte-
vedra (Spain) and corresponded to adult (10–12 years old) trees
that had been recently felled, chopped and subsequently frozen.
The E. globulus and E. nitens trees were grown in Northwest
Spain, whereas E. maidenii, E. grandis and E. dunnii were grown
in Uruguay. The pulping results for woods from the different
eucalypt species are shown in the Table 1. E. globulus wood
showed the lowest alkali consumption and produced the highest
pulp yield (59.5%), while the highest alkali consumption for E.
dunnii wood was typically accompanied by the lowest pulp yield
(48.7%).
For the isolation of lipids and estimation of the Klason lignin
content, samples, previously debarked and ground to sawdust,
were successively extracted with acetone for 8 h in a Soxhlet
apparatus and with hot water for 3 h at 1008C. Klason lignin was
estimated according to Tappi T222 om-88 (Tappi 2004). The ace-
tone extracts were evaporated to dryness, and redissolved in
chloroform for chromatographic analysis of the lipophilic
fraction.
Solid phase extraction (SPE) fractionation
For a better characterization of the different homologous series,
the lipid extracts were fractionated using an SPE procedure on
aminopropyl-phase cartridges (500 mg) from Waters as previ-
ously described (Gutie´rrez et al. 1998b, 2004). Briefly, the dried
chloroform extracts were taken up in a minimum volume
(-0.5 ml) of hexane/chloroform (4:1) and loaded onto a cartridge
column previously conditioned with hexane (4 ml). The cartridge
was loaded and eluted by gravity. The column was first eluted
with 8 ml of hexane (giving a fraction containing sterol esters,
waxes and hydrocarbons) and subsequently with 6 ml of hex-
ane/chloroform (5:1) (fraction containing triglycerides), then with
10 ml of chloroform (fraction containing free sterols) and finally
with 10 ml of diethyl ether/acetic acid (98:2) (fraction containing
free fatty acids). Each isolated fraction was dried under nitrogen
and analyzed by GC and GC/MS.
GC and GC/MS analyses of lipophilic extracts
GC analyses of the extracts were performed on an Agilent
6890N GC system using a short fused silica capillary column
(DB-5HT, 5 m=0.25 mm i.d., 0.1 mm film thickness) from J&W
Scientific. The temperature program was started at 1008C with
a 1-min hold and then increased to a final temperature of 3508C
at 158C min-1, and held for 3 min. The injector and flame-ioni-
zation detector temperatures were set at 3008C and 3508C,
respectively. The carrier gas was helium at a flow rate of 5 ml
min-1, and injection was performed in splitless mode. Peaks
were quantified by area in the GC chromatograms. A mixture of
standard compounds (octadecane, hexadecanol, palmitic acid,
sitosterol, 7-oxocholesterol, sitosteryl 3b-D-glucopyranoside,
cholesteryl oleate, and triheptadecanoin) was used for quantifi-
cation. The data for two replicates were averaged.
GC/MS analyses were performed on a Varian Star 3400 GC
equipped with an ion trap detector (Varian Saturn 2000 model)
using a medium-length (12 m) capillary column of the same
characteristics as described above. The oven was heated from
1208C (1 min) to 3808C at 108C min-1 and held for 5 min. The
transfer line was kept at 3008C. The injector was temperature-
programmed from 1208C (0.1 min) to 3808C at a rate of 2008C
min-1 and held until the end of the analysis. Helium was used as
the carrier gas at a flow rate of 2 ml min-1. Methylation was
performed with trimethylsilyldiazomethane and silylation with
bis(trimethylsilyl)trifluoroacetamide (BSTFA) when required.
Compounds were identified by comparing their mass spectra
with mass spectra in Wiley and NIST libraries, by mass frag-
mentography and, when possible, by comparison with authentic
standards.
Py-GC/MS analysis
Analytical pyrolysis was performed using a CDS Pyroprobe AS-
2500 autosampler. The sample (typically 100 mg) was placed in
a quartz tube (2 mm=40 mm) and inserted into the sample tray.
Pyrolysis was carried out at 5508C for 10 s. The pyrolysis cham-
ber was kept at 2508C and purged with helium to transfer the
pyrolysis products as quickly as possible to the GC column. The
pyrolyzer was connected to an Agilent 6890 GC equipped with
an on-column injector and a fused silica capillary column (DV-
1701, 60 m=0.25 mm i.d., 0.25 mm film thickness) coupled to
an Agilent 5973N mass spectrometer. The chromatograph was
programmed from 458C (4 min) to 2808C at a rate of 48C min-1.
The final temperature was held for 15 min. The injector was set
at 2508C, while the GC/MS interface was kept at 2808C. Com-
pounds were identified by comparing the mass spectra obtained
with those in the Wiley and NIST computer libraries and reported
in the literature (Faix et al. 1990; Ralph and Hatfield 1991). Rel-
ative peak molar areas were calculated for carbohydrate and
lignin pyrolysis products. The summed molar areas of the rele-
vant peaks were normalized to 100%, and the data for two
repetitive pyrolysis experiments were averaged. The relative
standard deviation for the pyrolysis data was less than 5%.
Results and discussion
The lipid and lignin contents of woods from the different
eucalypt species are listed in Table 2. The Klason lignin
content of the woods was in the range 18.7–22.6%, with
the lowest yield for E. globulus wood. The lipid content,
estimated as the fraction of acetone extracts that can be
redissolved in chloroform, less than 0.6%, was also low
for all eucalypt woods; the lowest value also corresponds
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Table 2 Chemical composition (%) of the different eucalypt
woods characterized.
Wood Content (%)
sample
Lipophilic Klason
extractivesa lignin
E. globulus 0.3 18.7
E. nitens 0.6 22.5
E. maidenii 0.5 22.6
E. grandis 0.5 21.1
E. dunnii 0.6 21.6
a Fraction of the acetone extracts that can be redissolved in
chloroform.
Figure 1 Chromatogram of lipophilic extractives (as TMSi ether derivatives) from a selected eucalypt (E. nitens) wood.
to E. globulus wood. Accordingly, E. globulus wood
seems to be the best choice for pulping (low lignin con-
tent) and papermaking (fewer pitch problems) among the
species tested in the present study.
Lipid composition
The lipid extracts were analyzed by GC and GC/MS
according to the method developed by Gutie´rrez et al.
(1998b). For better characterization of the different
homologous series and other minor compounds, the lipid
extracts were fractionated by SPE and the fractions iso-
lated were analyzed by GC and GC/MS. A chromatogram
of the total lipid extract (as TMSi ether derivatives) from
a selected eucalypt (E. nitens) wood is presented in Fig-
ure 1 and the detailed composition of the compounds
identified is listed in Table 3. It must be noted that the
chloroform-soluble fraction of the acetone extracts con-
tains other compounds (stilbenes, lignans, etc.) that are
not considered as lipids and therefore have not been
included in Table 3. The most predominant lipophilic
compounds present in the eucalypt woods studied were
steroids, including sterols, sterol esters and sterol gly-
cosides, with lower amounts of steroid ketones and ster-
oid hydrocarbons (Figure 2). The woods from E. globulus
and E. dunnii have the lowest content of free and con-
jugated (esters and glycosides) sterols, which are the
main compounds responsible for pitch deposition during
kraft cooking of eucalypt wood (del Rı´o et al. 1998, 2000;
Silvestre et al. 1999; Gutie´rrez and del Rı´o 2001), where-
as E. nitens wood contains the highest content of these
detrimental pitch-forming lipids. Other compounds found
were series of fatty acids, fatty alcohols, v-hydroxyfatty
acids, mono-, di- and triglycerides, tocopherols (free and
esterified), alkylferulates and minor amounts of squalene
(Figure 3).
Free sterols were one of the major compound classes
in extracts from all eucalypt woods (ranging from 268 to
543 mg kg-1 wood), with sitosterol (I) and stigmastanol
(II) the main sterols present in all eucalypt woods. Minor
amounts of other sterols, such as campesterol (III),
fucosterol (IV), cycloartenol (V), 24-methylenecycloarta-
nol (VI), citrostadienol (VII) and 7-oxositosterol (VIII), were
also present in the eucalypt woods. E. globulus and E.
dunnii woods contain the lowest amounts of free sterols,
whereas E. nitens contains the highest quantities of free
sterols.
Significant amounts (65–206 mg kg-1 wood) of sterol
glycosides, principally sitosteryl 3b-D-glucopyranoside
(IX), were found in extracts of all the eucalypt wood spe-
cies. These compounds were first identified in E. globulus
wood by Gutie´rrez and del Rı´o (2001) after appropriate
derivatization and by comparison with authentic stan-
dards, together with the corresponding acyl steryl
glycoside, principally sitosteryl (69-O-palmitoyl)-3b-D-
glucopyranoside. Sitosteryl 3b-D-glucopyranoside was
especially abundant in E. nitens and E. grandis, whereas
the content was low in E. globulus and E. maidenii.
Sterol esters were also present in high amounts among
lipophilic extractives from the different eucalypt woods,
accounting for 214–828 mg kg-1 wood, with the highest
abundance observed for E. nitens wood and the lowest
for E. grandis and E. globulus woods. The sterol esters
corresponded mainly to sitosterol and stigmastanol ester
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Table 3 Composition of lipophilic extractives from the wood of different eucalypt species.
Compound Content (mg kg-1 wood)
E. globulus E. nitens E. maidenii E. grandis E. dunnii
Fatty acids 306.7 432.2 200.9 307.4 428.9
n-Tetradecanoic acid 1.6 1.2 0.6 1.5 3.2
n-Pentacosanoic acid 1.7 4.7 0.8 2.6 2.7
n-Hexadecanoic acid 88.3 112.7 39.3 75.4 112.3
n-Heptadecanoic acid 2.6 6.8 2.0 3.9 4.9
9,12-Octadecadienoic acid 48.6 95.9 35.9 45.0 60.4
9-Octadecenoic acid 39.6 63.9 51.6 41.5 112.2
n-Octadecanoic acid 8.5 14.0 9.3 12.0 23.7
n-Nonadecanoic acid 0.8 2.1 0.7 1.5 1.5
n-Eicosanoic acid 5.6 11.0 4.1 8.3 9.3
n-Heneicosanoic acid 2.8 8.6 2.5 6.2 5.7
n-Docosanoic acid 20.7 27.7 10.9 16.9 14.9
n-Tricosanoic acid 4.1 9.8 3.8 11.0 7.9
n-Tetracosanoic acid 34.2 46.1 17.9 39.9 28.8
n-Pentacosanoic acid 4.7 7.1 3.5 10.6 6.5
n-Hexacosanoic acid 31.9 16.5 14.2 25.1 26.7
n-Heptacosanoic acid 0.7 1.1 0.5 0.9 1.2
n-Octacosanoic acid 7.3 2.2 2.1 4.5 5.5
n-Triacontanoic acid 3.0 0.8 1.2 0.6 1.5
v-Hydroxyfatty acids 23.9 17.4 13.9 9.1 10.5
22-Hydroxydocosanoic acid 15.1 11.1 8.1 5.7 5.9
24-Hydroxytetracosanoic acid 8.8 6.3 5.8 3.4 4.5
Sterols 268.3 543.5 336.2 361.5 272.3
Campesterol 2.8 6.9 2.7 2.9 2.4
Sitosterol 190.3 396.2 263.2 287.0 212.1
Stigmastanol 45.7 84.9 53.9 55.6 43.0
Fucosterol 4.4 24.2 3.9 7.4 1.8
Cycloartenol 8.1 22.8 2.4 0.1 2.7
24-Methylenecycloartanol 5.7 – – – 1.4
Citrostadienol 2.6 1.1 6.0 2.0 5.0
7-Oxositosterol 8.7 7.5 4.3 6.5 4.0
Steroid ketones 37.2 72.0 113.0 59.7 95.4
Stigmastan-3-one 4.0 5.8 13.7 4.2 12.4
Stigmasta-3,5-dien-7-one 14.7 1.5 6.2 4.9 5.1
Stigmast-4-en-3-one 13.0 51.2 74.8 39.0 60.4
Stigmasta-3,6-dione 5.5 13.5 18.3 11.6 17.5
Steroid hydrocarbons 31.3 30.5 22.2 19.4 26.6
Stigmastene 3.3 4.3 2.1 2.2 3.2
Stigmasta-4,22-diene 2.6 2.8 1.8 1.6 2.0
Stigmasta-3,5-diene 15.7 17.6 12.6 10.0 13.1
Stigmasta-3,5,22-triene 8.1 4.6 4.1 5.4 6.3
Other hydrocarbons 1.6 1.2 1.6 0.2 2.0
Squalene 1.6 1.2 1.6 0.2 2.0
Fatty alcohols 2.4 7.2 3.9 4.1 2.0
n-Hexadecanol 0.1 0.4 0.1 Trace Trace
n-Octadecanol 0.1 0.5 0.1 0.1 Trace
n-Eicosanol Trace 0.1 Trace 0.1 Trace
n-Docosanol 0.6 1.9 0.6 1.2 0.7
n-Tetracosanol 0.5 2.3 0.6 0.8 0.3
n-Hexacosanol 0.3 1.1 0.9 0.3 0.3
n-Octacosanol 0.8 0.9 1.8 1.6 0.7
Tocopherols 8.5 6.5 11.5 8.3 10.5
a-Tocopherol 6.4 4.6 7.4 6.2 7.2
b-Tocopherol 2.1 1.9 4.1 2.1 3.3
Monoglycerides 117.4 121.4 80.3 58.7 61.7
Tetradecanoic acid-2,3-dihydroxypropyl ester 0.2 Trace 0.1 0.2 0.2
Hexadecanoic acid-2,3-dihydroxypropyl ester 3.3 7.0 1.0 2.5 3.0
Heptadecanoic acid-2,3-dihydroxypropyl ester 0.2 0.4 Trace 0.1 0.1
Octadecanoic acid-2,3-dihydroxypropyl ester 2.6 5.6 1.0 2.3 6.0
Nonadecanoic acid-2,3-dihydroxypropyl ester Trace 0.1 Trace Trace Trace
Eicosanoic acid-2,3-dihydroxypropyl ester 0.2 0.7 Trace 0.1 0.2
Heneicosanoic acid-2,3-dihydroxypropyl ester Trace 0.7 Trace Trace Trace
Docosanoic acid-2,3-dihydroxypropyl ester 1.8 8.9 2.9 3.3 3.0
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(continued)
Compound Content (mg kg-1 wood)
E. globulus E. nitens E. maidenii E. grandis E. dunnii
Tricosanoic acid-2,3-dihydroxypropyl ester 0.2 1.5 0.3 0.1 0.4
Tetracosanoic acid-2,3-dihydroxypropyl ester 24.8 50.0 24.5 17.3 14.5
Pentacosanoic acid-2,3-dihydroxypropyl ester 2.9 4.5 4.6 2.5 1.0
Hexacosanoic acid-2,3-dihydroxypropyl ester 55.5 35.3 35.6 31.2 26.9
Heptacosanoic acid-2,3-dihydroxypropyl ester 1.0 0.8 1.5 1.3 1.4
Octacosanoic acid-2,3-dihydroxypropyl ester 20.0 5.8 7.9 4.6 4.2
Nonacosanoic acid-2,3-dihydroxypropyl ester 1.7 0.1 0.5 1.1 0.5
Triacontanoic acid-2,3-dihydroxypropyl ester 3.0 Trace 0.3 1.6 0.3
Monoglycerides of v-hydroxyfatty acids 2.4 5.1 1.3 2.3 1.7
24-Hydroxytetracosanoic acid-2,3-dihydroxypropyl ester 0.9 4.1 0.7 1.1 0.7
26-Hydroxyhexacosanoic acid-2,3-dihydroxypropyl ester 1.2 1.0 0.5 0.9 0.8
28-Hydroxyoctacosanoic acid-2,3-dihydroxypropyl ester 0.3 Trace 0.1 0.3 0.2
Diglycerides 0.4 0.3 Trace 0.2 0.6
Dipalmitin Trace Trace Trace Trace 0.1
Palmitinestearin 0.2 0.2 Trace 0.1 0.3
Distearin 0.2 0.1 Trace 0.1 0.2
n-Alkylferulates 5.8 3.4 1.2 1.6 7.9
trans-Eicosanyl ferulate Trace 0.1 Trace Trace Trace
trans-Docosanyl ferulate 2.5 1.9 0.5 0.7 1.8
trans-Tetracosanyl ferulate 2.0 1.2 0.4 0.5 3.8
trans-Hexacosanyl ferulate 1.3 0.2 0.3 0.4 2.3
v-Carboxyalkylferulates 22.4 1.2 Trace 1.1 3.8
trans-Feruloyloxyhexadecanoic acid 1.7 Trace Trace Trace 0.3
trans-Feruloyloxyoctadecanoic acid 1.5 Trace Trace Trace 0.1
trans-Feruloyloxydocosanoic acid 9.0 0.6 Trace 0.2 0.5
trans-Feruloyloxytetracosanoic acid 9.5 0.6 Trace 0.9 2.3
trans-Feruloyloxyhexacosanoic acid 0.7 Trace Trace Trace 0.6
Sterol glycosides 65.1 206.0 68.1 159.5 89.5
Sitosteryl 3b-D-glucopyranoside 65.1 206.0 68.1 159.5 89.5
Tocopherol esters 5.8 15.9 6.1 6.4 9.7
a-Tocopheryl dodecanoate Trace Trace Trace Trace Trace
a-Tocopheryl tetradecanoate 0.2 0.2 0.2 0.1 0.1
a-Tocopheryl hexadecanoate 0.6 1.3 0.6 0.3 0.4
a-Tocopheryl oleate/linoleate 2.4 8.2 3.3 3.4 4.1
a-Tocopheryl octadecanoate 0.4 0.6 0.5 0.3 0.5
a-Tocopheryl eicosanoate Trace Trace 0.1 Trace Trace
a-Tocopheryl dodecanoate Trace Trace Trace Trace Trace
b-Tocopheryl tetradecanoate 0.2 1.0 0.2 0.1 0.3
b-Tocopheryl hexadecanoate 0.4 1.4 0.3 0.2 0.8
b-Tocopheryl oleate/linoleate 1.4 2.4 0.8 1.8 3.3
b-Tocopheryl octadecanoate 0.2 0.8 0.1 0.2 0.2
b-Tocopheryl eicosanoate Trace Trace Trace Trace Trace
Sterol esters 250.2 828.5 434.4 214.3 289.6
Sitosterol esters 153.1 515.3 297.1 149.2 197.2
Stigmastanol esters 52.3 163.3 87.3 41.8 57.6
Other sterol esters 44.8 149.9 50.0 23.3 34.8
Triglycerides 11.2 21.0 38.1 15.7 28.0
Total lipids identified 1160.6 2313.3 1332.7 1229.5 1340.7
series, with minor amounts of series of campesterol,
fucosterol, cycloartenol and 24-methylenecycloartanol
esters. Saponification of the sterol ester fraction isolated
after SPE indicated that the major sterol ester present in
the eucalypt wood extracts is sitosteryl linoleate (X)
(Gutie´rrez et al. 1999).
Other steroid compounds, such as steroid ketones and
steroid hydrocarbons, were also important components
in the eucalypt woods. Steroid ketones accounted for
37–113 mg kg-1 wood, mainly constituted by stigmastan-
3-one (XI), stigmasta-3,5-dien-7-one (XII), stigmast-4-
en-3-one (XIII) and stigmasta-3,6-dione (XIV). Different
steroid hydrocarbons (mono-, di- and triunsaturated)
were also identified, although in low amounts, with stig-
masta-3,5-diene (XV) the most predominant.
Free fatty acids were also relevant constituents of the
different eucalypt wood extractives. The series of free fat-
ty acids accounted for 201–432 mg kg-1 wood, and
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Figure 2 Structures of the main steroid compounds identified in eucalypt woods and referred in the text. I, sitosterol; II, stigmastanol;
III, campesterol; IV, fucosterol; V, cycloartenol; VI, 24-methylenecycloartanol; VII, citrostadienol; VIII, 7-oxositosterol; IX, sitosteryl
3b-D-glucopyranoside; X, sitosteryl linoleate; XI, stigmastan-3-one; XII, stigmasta-3,5-dien-7-one; XIII, stigmast-4-en-3-one; XIV,
stigmasta-3,6-dione; XV, stigmasta-3,5-diene.
occurred in the range from C14 to C30 with a strong even-
over-odd carbon atom number predominance; the pre-
dominant component was palmitic acid (XVI), together
with oleic (XVII) and linoleic (XVIII) acids. Elevated
amounts of higher-molecular-weight fatty acids, such as
docosanoic (C22), tetracosanoic (C24) and hexacosanoic
(C26) acids, were observed in all extracts. v-Hydroxyfatty
acids, such as 22-hydroxydocosanoic (XIX) and 24-
hydroxytetracosanoic acids, were also found in all
samples.
Other compounds identified, although in low amounts,
were tocopherols, including a-tocopherol (XX) and b-
tocopherol (XXI), with a predominance of a-tocopherol.
Interestingly, the tocopherols were also found in esteri-
fied form to long-chain fatty acids in all eucalypt woods.
The series corresponding to a-tocopherol esters (XXII)
and b-tocopherol esters (XXIII) were characterized intact
by GC/MS, based on their mass spectra. The tocopher-
ols were esterified to fatty acids with even C-numbers in
the range from C12 to C20, including the unsaturated oleic
(C18:1) and linoleic (C18:2) acids (Rencoret et al. 2006).
A series of compounds was found in which ferulic acid
was esterified with either long-chain n-fatty alcohols
(XXIV) or v-hydroxyfatty acids (XXV). Characterization of
intact individual compounds was achieved based on GC/
MS mass spectra of the underivatized and their methyl
and/or TMS ether derivatives already published (del Rı´o
et al. 2004). The series of n-alkyl trans-ferulates occurred
in the range from C20 to C26, with a predominance of even
carbon-number homologs, C22 and C24 being the most
prominent in all the woods except E. dunnii, in which C24
and C26 chain lengths were prevalent. The feruloyl ester-
linked v-hydroxyfatty acids, which have rarely been
reported in plants, were identified in the range from C16
to C26, with C22 and C24 homologs the most abundant in
all woods except E. dunnii, in which C24 and C26 predom-
inated. Small amounts of alkylferulates and v-carboxyal-
kylferulates were also reported in E. globulus wood
(Freire et al. 2002).
Glycerides, including mono-, di- and triglycerides,
were also found, with a predominance of the monogly-
cerides. Monoglycerides (XXVI) were identified among
the lipophilic extractives in relatively high amounts
(59–121 mg kg-1 wood). The C-number of the fatty acid
moiety ranged from C14 to C30, and again a predominance
of even carbon-number homologs was observed (C24, C26
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Figure 3 Structures of the non-steroid compounds identified in the eucalypt woods and referred in the text. XVI, palmitic acid; XVII,
oleic acid; XVIII, linoleic acid; XIX, 22-hydroxydocosanoic; XX, a-tocopherol; XXI, b-tocopherol; XXII, a-tocopherol linoleate; XXIII,
b-tocopherol linoleate; XXIV, trans-docosanyl ferulate; XXV, trans-feruloyloxydocosanoic acid; XXVI, docosanoic acid 2,3-dihydroxy-
propyl ester; XXVII, tripalmitin; XXVIII, squalene; XXIX, n-docosanol.
Figure 4 Py-GC/MS chromatogram of a selected eucalypt (E. maidenii) wood. For peak identification refer to Table 4.
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and C28 were the most abundant). A series of monogly-
cerides of v-hydroxyfatty acids of C24, C26 and C28, which
were previously identified in eucalypt woods by Freire et
al. (2006), were also found in minor amounts in the
extracts of all eucalypt woods. Triglycerides, accounting
for 11–38 mg kg-1 wood, were mainly constituted by tri-
palmitin (XXVII), while diglycerides were present only in
very minor amounts in the eucalypt wood extracts.
Finally, minor amounts of other compounds, such as
squalene (XXVIII) and series of fatty alcohols (XXIX)
ranging from C14 to C28, were found in all eucalypt
extracts.
Lignin composition
The chemical composition of the lignins was analyzed by
Py-GC/MS. The pyrogram of E. maidenii wood is pre-
sented as an example in Figure 4. The assignments and
relative molar abundances of the compounds released
are listed in Table 4. The majority of the degradation
products were from lignin, whereas compounds arising
from carbohydrates were less abundant. Among the car-
bohydrate-derived compounds, the main ones are
hydroxyacetaldehyde (1), furfural (4), 2,3-dihydro-5-
methylfuran-2-one (6), (5H)-furan-2-one (7), 4-hydroxy-
Table 4 Identification and relative molar abundance of the compounds identified by Py-GC/MS of the samples analyzed (wood
chips).
Peak Compound Origin Relative molar abundance (%)
no. E. globulus E. nitens E. maidenii E. grandis E. dunnii
1 Hydroxyacetaldehyde CH 7.9 6.5 5.8 6.2 8.0
2 3-Hydroxypropanal CH 1.1 1.6 0.9 1.3 1.2
3 2,3-Butanedione CH 0.8 1.2 0.5 1.0 0.6
4 Furfural CH 4.5 3.9 3.3 3.2 5.0
5 Furfuryl alcohol CH 0.6 0.5 0.8 0.4 0.4
6 2,3-Dihydro-5-methylfuran-2-one CH 2.0 2.9 1.2 1.9 1.5
7 (5H)-Furan-2-one CH 1.1 1.7 0.8 1.3 0.7
8 4-Hydroxy-5,6-dihydro-(2H)-pyran-2-one CH 9.9 8.9 7.4 7.7 11.4
9 2-Hydroxy-3-methyl-2-cyclopenten-1-one CH 0.3 0.5 0.2 0.3 0.3
10 Guaiacol LG 1.1 1.5 1.4 1.3 1.1
11 4-Hydroxymethyl-1,4-butyrolactone CH 1.8 2.1 1.2 2.0 1.2
12 4-Methylguaiacol LG 0.5 0.6 1.4 0.8 0.8
13 4-Ethylguaiacol LG 0.8 0.6 0.5 1.1 1.2
14 Dihydroxypyran-1-one CH 0.7 1.0 1.0 0.8 0.6
15 4-Vinylguaiacol LG 2.4 2.9 2.8 3.4 2.6
16 Eugenol LG 0.3 0.4 0.6 0.6 0.4
17 5-Hydroxymethyl-2-furaldehyde CH 1.1 0.5 0.8 0.6 1.0
18 Syringol LS 4.6 5.9 6.7 4.4 3.2
19 cis-Isoeugenol LG 0.2 0.2 0.3 0.3 0.2
20 1,4-Dideoxy-D-glicerohex-1-enopyranos-3-ulose CH 2.6 1.7 1.4 3.4 3.0
21 trans-Isoeugenol LG 2.6 2.6 3.0 3.1 3.0
22 4-Methylsyringol LS 3.3 3.1 4.7 3.6 3.3
23 Vanillin LG 0.4 0.5 0.6 0.8 0.5
24 Propyne-guaiacol LG 0.6 0.6 0.8 1.2 0.9
25 Propyne-guaiacol LG 0.4 0.5 0.4 1.2 0.6
26 4-Propylguaiacol LG 0.5 0.5 0.6 0.7 0.6
27 4-Ethylsyringol LS 0.7 0.6 1.0 0.6 0.5
28 Acetoguaiacone LG 0.4 0.4 0.5 0.7 0.4
29 4-Vinylsyringol LS 10.2 10.0 10.5 8.4 8.2
30 Guaiacylacetone LG 0.4 0.5 0.5 0.4 0.3
31 4-Allylsyringol LS 1.9 2.0 2.6 1.8 1.8
32 cis-4-Propenylsyringol LS 0.9 1.0 1.2 1.0 0.9
33 Propyne-syringol LS 1.1 1.9 1.5 2.4 2.0
34 Propyne-syringol LS 1.0 1.6 1.3 2.0 1.7
35 Levoglucosane CH 10.2 6.0 7.7 9.4 11.4
36 trans-4-Propenylsyringol LS 7.4 7.5 9.2 6.2 6.7
37 Syringaldehyde LS 2.3 3.2 3.1 3.1 2.6
38 Homosyringaldehyde LS 2.4 1.9 2.2 2.1 2.3
39 Acetosyringone LS 1.3 1.5 1.6 1.5 1.2
40 Syringylacetone LS 1.9 2.2 2.1 1.6 1.7
41 trans-Coniferaldehyde LG 0.6 0.6 0.3 0.6 0.5
42 Propiosyringone LS 0.2 0.3 0.4 0.3 0.3
43 a-Oxopropiosyringone LS 0.8 0.8 0.8 0.8 0.9
44 trans-Sinapaldehyde LS 4.4 4.9 4.4 4.5 3.3
LG 10.9 12.4 13.7 16.2 13.1
LS 44.5 48.5 53.3 44.3 40.6
CH 44.6 39.1 33.0 39.5 46.3
S/G ratio 4.1 3.9 3.9 2.7 3.1
L/CH ratio 1.2 1.6 2.0 1.5 1.2
CH, carbohydrate; LG, guaiacyl-lignin units; LS, syringyl-lignin units.
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5,6-dihydro-(2H)-pyran-2-one (8), 5-hydroxymethyl-2-
furaldehyde (17), 1,4-dideoxy-D-glycerohex-1-enopyra-
nos-3-ulose (20) and levoglucosane (35). Among the
lignin-derived compounds, the most typical belong to the
G- and S-type phenols. The most relevant species are:
guaiacol (10), 4-methylguaiacol (12), 4-vinylguaiacol (15),
syringol (18), trans-isoeugenol (21), 4-methylsyringol (22),
4-ethylsyringol (27), 4-vinylsyringol (29), 4-allylsyringol
(31), cis- and trans-4-propenylsyringol (32, 36), syringal-
dehyde (37), homosyringaldehyde (38), acetosyringone
(39), syringylacetone (40), propiosyringone (42), and
trans-sinapaldehyde (44). In all cases, lignin-derived S-
type phenols were released in higher abundance than the
corresponding G-type phenols. Relative peak molar
areas were calculated for carbohydrate, and lignin G- and
S-type degradation products. The lignin S/G and lignin/
carbohydrate (L/CH) ratios were determined for each
sample and the average for two replicates was calculated
(Table 4).
It should be noted that the L/CH ratio observed does
not reflect the real content of each moiety, since pyrolysis
is known to highly underestimate the cellulose content
due to intense charring and extensive degradation to
non-chromatographed products. However, the L/CH ratio
observed after pyrolysis can still be used for comparison
of the relative amounts of lignin and carbohydrates moi-
eties. Thus, the wood from E. globulus presents the low-
est L/CH ratio, which is in agreement with the lowest
lignin content estimated as Klason lignin, as shown in
Table 2. The results also indicate that lignins from differ-
ent eucalypt wood species present high S/G ratios, rang-
ing from 2.7 to 4.1, although it should be noted that
pyrolysis, as all degradation methods, overestimates the
amounts of S units (Sarkanen and Hergert 1971). The
wood from E. globulus presents the highest S/G ratio
(4.1), which makes it easier to delignify under kraft cook-
ing owing to the higher reactivity of S-lignin in alkaline
systems (Chang and Sarkanen 1973; Tsutsumi et al.
1995). On the other hand, wood from E. grandis and E.
dunnii presents the lowest S/G ratios (2.7 and 3.1,
respectively), which, together with their higher lignin con-
tent, makes them more difficult to delignify than E. glo-
bulus. The higher S/G ratio, together with its lower lignin
content (Table 2), is in agreement with the lowest alkali
consumption and the highest pulp yield observed for E.
globulus, as reported in Table 1.
Conclusions
The lipid and lignin compositions of woods from different
eucalypt species have been characterized. E. globulus
had the lowest lignin content and the highest S/G lignin
ratio. This finding is in agreement with the lowest alkali
consumption and the highest pulp yields observed for
this wood in the course of pulping experiments. The low-
est lipid content, especially the lowest content of pitch-
forming lipids, such as free and conjugated (esters and
glycosides) sterols, also contribute to the explanation
why this species is the most valuable among eucalypt
trees for pulping and papermaking.
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ABSTRACT 
Three different series of tocopheryl esters, which have rarely been reported in plants, have been identified in the wood 
from several species of eucalypt, including Eucalyptus globulus, E. nitens, E. maidenii, E. grandis and E. dunnii. These 
series of compounds were characterized intact by gas chromatography/mass spectrometry. Based on their mass spectra, 
the compounds were identified as three series of -tocopherol, -tocopherol and-tocopherol esterified to long chain 
fatty acids. The different series of tocopherol esters were esterified to fatty acids in the range from C12 to C20 including 
the unsaturated oleic (C18:1) and linoleic (C18:2) acids, with the presence of exclusively the even carbon atom number 
homologues and the C18:1 and C18:2  being the most prominent.   
 
I. INTRODUCTION
Lipophilic extractives from wood consist of complex mixtures of many different compounds, from the low-molecular-
weight resin and fatty acids to high molecular weight compounds, such as waxes, sterol esters and triglycerides. The 
chemical composition of the lipophilic fraction of Eucalyptus  globulus wood, a raw material for manufacturing of 
kraft pulp, has already been reported (Gutiérrez et al. 1999; Freire et al., 2002). However, a more detailed analysis of 
the high molecular weight compounds, performed in the present work, indicated the presence of tocopheryl esters, 
which have not been reported before in eucalypt wood. Therefore, the aim of this study is to characterize the -, - and 
-tocopheryl ester series in the wood from diferent eucalypt species (E. globulus, E. nitens, E. maidenii, E. grandis and 
E. dunnii). These compounds have rarely been reported in plants (Pereira et al., 2002) and this is the first time that they 
are reported among eucalypt wood extractives. The intact tocopheryl esters from eucalypt woods were analyzed by gas 
chromatography (GC) and gas chromatography/mass spectrometry (GC/MS) using short- and medium-length high-
temperature capillary columns, respectively, with thin films, according to the method previously described (Gutiérrez 
et al., 1998). The total extracts were also fractionated using a solid-phase extraction (SPE) protocol to concentrate and 
separate the tocopheryl esters from the rest of the lipophilic compounds. Characterization of intact individual 
compounds was achieved based on their mass spectra. 
 
II. EXPERIMENTAL 
Samples 
The wood samples (E. globulus, E. nitens, E. maidenii, E. grandis and E. dunnii) were provided by ENCE pulp mill in 
Pontevedra (Spain). For the isolation of lipids, the samples, previously debarked and ground to sawdust, were extracted 
with acetone during 8 h in a Soxhlet apparatus. The acetone extracts were evaporated to dryness, and redissolved in 
chloroform for chromatographic analysis of the lipophilic fraction. 
 
Solid-phase extraction (SPE) fractionation 
The lipid extracts from eucalypt woods were fractionated by a SPE procedure (Gutiérrez et al., 1998) in aminopropyl-phase 
cartridges (500 mg). The dried chloroform extract was taken up in a minimal volume (< 0.5 ml) of hexane-chloroform (4:1) and 
loaded into a cartridge column previously conditioned with hexane (4 ml). The column was eluted with 8 ml of hexane and the 
isolated fraction further dried under nitrogen producing a fraction enriched in wax esters. 
 
GC and GC/MS analyses of lipophilic extracts 
The GC analyses of the extracts were performed in an Agilent 6890N GC system using a short-fused silica capillary 
column (DB-5HT, 5 m × 0.25 mm I.D., 0.1 m film thickness). The temperature program was started at 100°C with a 1 
min hold and then raised to a final temperature of 350°C at 15°C/min, and held for 3 min. The injector and flame-
ionization detector temperatures were set at 300 and 350°C, respectively. The carrier gas was helium at a rate of 5 
ml/min, and the injection was performed in splitless mode. Peaks were quantified by area in the GC chromatograms. 
The GC/MS analyses were performed with a Varian model Star 3400 GC equipped with an ion trap detector (Varian 
Saturn 2000) using a medium-length (12 m) capillary column of the same characteristics described above. The oven 
was heated from 120 (1 min) to 380°C at 10°C/min and held for 5 min. The transfer line was kept at 300°C. The 
injector was temperature programmed from 120 (0.1 min) to 380°C at a rate of 200°C/min and held until the end of the 
analysis. Helium was used as carrier gas at a rate of 2 ml/min. 
III. RESULTS AND DISCUSSION 
Most studies concerning the analysis and characterization of high molecular weight fatty acid esters, proceeds by 
alkaline hydrolysis of the intact molecules, followed by separate analyses of the respective neutral constituents and the 
acyl moieties. This methodology, however, loses potentially useful information on the nature of the intact esters. In this 
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work, we have analysed the wax ester fraction by GC/MS using a medium-length (12 m) high-temperature capillary 
column with thin film that allows the analysis of intact high molecular weight ester waxes without prior saponification. 
This GC/MS method was used to analyze the SPE hexane fraction that contained the tocopheryl esters. The mass 
spectra of selected tocopheryl esters, namely - and -tocopheryl tetradecanoate, as well as their structures, are shown 
in Figure 1. The mass spectrometric fragmentation patterns of these series are very simple, and show a base peak 
corresponding to the tocopheryl fragment ion due to the loss of the fatty acid, resulting in the ions at m/z 430, m/z 416 
and m/z 402 for the -, - and -tocopheryl esters, respectively. These fragments, as also occurs with the corresponding 
free tocopherols, undergo a retro-Diels-Alder reaction with hydrogen transfer to give an intense ion at m/z 165, 151 and 
137 respectively, and also and -cleavage to give a weaker ion at m/z 205, 191 and 177 (for the -, - and -
tocopheryl esters, respectively).  
 
 
 
Figure 1. Structures and mass spectra of - and-tocopheryl tetradecanoate.
 
 
Three series of tocopheryl esters, namely -, - and -tocopheryl esters, were found in all the eucalypt woods analyzed 
here. The distribution of the three homologous series of tocopheryl esters found in the SPE hexane fraction of E.
globulus is shown in Figure 2. The abundance of the -, - and -tocopheryl esters series in the different eucalypt 
species selected for this study is shown in Table 1. The - and -tocopheryl ester series were the most abundant 
whereas the -tocopheryl ester series was present only in trace amounts. 
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Figure 2. Representative GC/MS fragmentograms: m/z 402 showing the homologous series of -tocopheryl alkanoates; 
m/z 416 showing the homologous series of -tocopheryl alkanoates; and m/z 430 showing the homologous series of -
tocopheryl alkanoates. Cn refers to carbon chain length of the esterified fatty acids. 
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Table 1. Abundance of -, - and -tocopheryl esters series in the woods from the different eucalypt species. 
 
Compounds E. globulus E. nitens E. maidenii E. grandis E. dunnii 
-tocopherol esters 3.61 10.31 4.84 4.09 5.07 
-tocopheryl dodecanoate 0.02 tr 0.02 tr tr 
-tocopheryl tetradecanoate 0.22 0.20 0.21 0.05 0.10 
-tocopheryl hexadecanoate 0.64 1.35 0.59 0.34 0.37 
-tocopheryl oleate/linoleate  2.35 8.17 3.38 3.43 4.09 
-tocopheryl octadecanoate 0.37 0.59 0.57 0.27 0.51 
-tocopheryl eicosanoate tr tr 0.07 tr tr 
      
-tocopherol esters 2.17 5.60 1.26 2.31 4.61 
-tocopheryl dodecanoate 0.01 tr tr tr tr 
-tocopheryl tetradecanoate 0.18 0.99 0.16 0.10 0.33 
-tocopheryl hexadecanoate 0.41 1.36 0.29 0.25 0.77 
-tocopheryl oleate/linoleate 1.41 2.44 0.75 1.81 3.35 
-tocopheryl octadecanoate 0.16 0.81 0.06 0.15 0.16 
-tocopheryl eicosanoate tr tr tr tr tr 
      
-tocopheryl esters 0.03 tr 0.01 0.02 0.10 
tr: traces 
 
 
 
 
 
IV. CONCLUSIONS 
Three different series of tocopheryl esters have been identified for the first time in the wood of different eucalypt 
species (E. globulus, E. nitens, E. maidenii, E. grandis and E. dunnii). The different series of -, - and -tocopheryl 
ester were esterified to fatty acids in the range from C12 to C20, including the unsaturated oleic (C18:1) and linoleic 
(C18:2) acids with the presence of exclusively the even carbon atom number homologues and the C18:1 and C18:2  being 
the most prominent. 
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Abstract
The chemical structure of milled-wood lignins from Euca-
lyptus globulus, E. nitens, E. maidenii, E. grandis, and E.
dunnii was investigated. The lignins were characterized
by analytical pyrolysis, thioacidolysis, and 2D-NMR that
confirmed the predominance of syringyl over guaiacyl
units and only showed traces of p-hydroxyphenyl units.
E. globulus lignin had the highest syringyl content. The
heteronuclear single quantum correlation (HSQC) NMR
spectra yielded information about relative abundances of
inter-unit linkages in the whole polymer. All the lignins
showed a predominance of b-O-49 ether linkages
(66–72% of total side-chains), followed by b-b9 resinol-
type linkages (16–19%) and lower amounts of b-59 phe-
nylcoumaran-type (3–7%) and b-19 spirodienone-type
linkages (1–4%). The analysis of desulfurated thioaci-
dolysis dimers provided additional information on the
relative abundances of the various carbon-carbon and
diaryl ether bonds, and the type of units (syringyl or
guaiacyl) involved in each of the above linkage types.
Interestingly, 93–94% of the total b-b9 dimers included
two syringyl units indicating that most of the b-b9 sub-
structures identified in the HSQC spectra were of the
syringaresinol type. Moreover, three isomers of a major
trimeric compound were found which were tentatively
identified as arising from a b-b9 syringaresinol substruc-
ture attached to a guaiacyl unit through a 4-O-59 linkage.
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Introduction
Eucalypt species are cultivated in plantations as a fast-
growing raw material for paper pulp production in Spain,
Portugal, Brazil, South Africa, and other countries. The
use of eucalypt wood for pulp has greatly increased dur-
ing the last decades: world production with nearly 10 mil-
lion tons per year is approximately one-third of the total
hardwood pulp produced. Eucalyptus globulus Labill.
provides the best raw material for kraft pulp in terms of
high pulp yield (Rencoret et al. 2007). It is known that
both pulping and bleaching performances are highly
dependent on the relative content, structure, and reacti-
vity of the biopolymers, cellulose, hemicelluloses, and lig-
nin. In particular, different eucalypt species, or clones
from the same species, might require different pulping
conditions to achieve the same extent of delignification
and yield of pulp (Gonza´lez-Vila et al. 1999; del Rı´o et al.
2005). The lignin content and its composition in terms of
p-hydroxyphenyl (H), guaiacyl (G), and syringyl (S) moi-
eties and the different inter-unit linkages are important
factors in pulp production affecting the delignification
rate. It has been shown that higher S/G ratios in woods
from the same eucalypt species implied higher delignifi-
cation rates, less alkali consumption, and therefore high-
er pulp yield (del Rı´o et al. 2005).
The wood from E. globulus has been widely charac-
terized, including the lignin composition and structure
(Ona et al. 1997; Rodrigues et al. 1999; del Rı´o et al.
2001; Evtuguin et al. 2001; Ibarra et al. 2007a). The struc-
ture of E. grandis milled-wood lignin (MWL) has also been
recently characterized by NMR techniques (Capanema et
al. 2005). However, structural studies of lignins from other
eucalypt woods used for papermaking are still scarce
and mostly limited to their H:G:S ratios (Ona et al. 1997;
Yokoi et al. 1999, 2001; Rencoret et al. 2007; Guerra et
al. 2008).
More information on the structure of lignin in eucalypt
species is needed to optimize their use for paper pulp
manufacture. In this paper, we report the structural char-
acterization of lignin from woods of E. globulus, Eucalyp-
tus nitens (H. Deane & Maiden) Maiden, Eucalyptus
maidenii F. Muell., Eucalyptus grandis W. Hill ex Maiden,
and Eucalyptus dunnii Maiden, which are the species
most frequently grown in eucalypt plantations for paper-
making. This paper is a continuation of our previous work
(Rencoret et al. 2007) about the chemistry of these euca-
lyptus species. The MWLs of the eucalypt trees were
characterized by pyrolysis-gas chromatography/mass
spectrometry (Py-GC/MS), thioacidolysis, and 2D-NMR.
73
Structure of lignin from different eucalypt woods 515
Article in press - uncorrected proof
Materials and methods
Samples
The wood was collected from 10–12-year-old trees of E. glo-
bulus, E. nitens, E. maidenii, E. grandis and E. dunnii which were
provided by ENCE (Pontevedra, Spain). Klason lignin was esti-
mated according to T222 om-88 (Tappi 2004). The MWL sam-
ples (Bjo¨rkman 1956) were obtained from grounded wood
prepared in a Retsch cutting mill to pass through a 100-mesh
screen. This sawdust was successively extracted with acetone
for 8 h in a Soxhlet extractor and with hot water (1008C) for 3 h.
The extractive free sawdust was finely ball-milled in a Retsch
S100 centrifugal ball mill with toluene (150 h). After this treat-
ment, the milled wood was submitted to an extraction (4=24 h)
with dioxane-water (9:1, v/v) (5–10 ml of solvent/g of milled
wood). The solution was centrifuged and the supernatant sub-
sequently evaporated at 408C at reduced pressure until dryness.
The residue obtained (raw MWL) was redissolved in a solution
of acetic acid/water 9:1 (v/v) (20 ml of solvent/g of raw MWL).
The solution was then precipitated in water and the precipitated
residue was separated by centrifugation, milled in an agate mor-
tar and subsequently dissolved in a solution of 1,2-diclorome-
thane:ethanol (1:2, v/v). The mixture was then centrifuged to
eliminate the insoluble material, the supernatant was precipitat-
ed in diethyl ether and the obtained residue was separated by
centrifugation. This residue was then resuspended in petroleum
ether and centrifuged again to obtain the final purified MWL frac-
tion, which was dried under a N2 current. The final yields ranged
from 10% to 15% of the original Klason lignin content.
Py-GC/MS
Pyrolysis of MWL (approximately 100 mg) was performed with a
2020 micro-furnace pyrolyzer (Frontier Laboratories Ltd.) con-
nected to an Agilent 6890 GC/MS system equipped with a HP
5MS fused-silica capillary column (30 m=0.25 mm i.d., 0.25 mm
film thickness) and an Agilent 5973 mass selective detector (EI
at 70 eV). The pyrolysis was performed at 5008C. The oven tem-
perature was programmed from 508C (1 min) to 1008C at 308C
min-1 and then to 3008C (10 min) at 108C min-1. He was the
carrier gas (1 ml min-1). The compounds were identified by com-
paring their mass spectra with those of the Wiley and NIST
libraries and reported in the literature (Faix et al. 1990; Ralph
and Hatfield 1991). Peak molar areas were calculated for the
lignin-degradation products, the summed areas were normal-
ized, and the data for two repetitive analyses were averaged and
expressed as percentages.
Thioacidolysis
Thioacidolysis of 5 mg MWL was performed as described
by Rolando et al. (1992) using 0.2 M BF3 etherate in dioxane/
ethanethiol 8.75:l. The reactions products were extracted with
CH2Cl2, dried and concentrated. GC analysis of trimethylsilyl-
ated wusing N,O-bis-(trimethylsilyl)-trifluoroacetamide, BSTFAx
samples was performed with a Hewlett-Packard 6890 instru-
ment using an Rtx 5 column from Restec Corporation
(45 m=0.32 mm i.d., 0.25 mm film thickness) and a flame detec-
tor. The temperature was programmed from 1808C to 2708C
(15 min) at 408C min-1 and then to 3008C (5 min) at 48C min-1.
Injector and detector were at 2508C and 2808C, respectively, and
He was the carrier gas. Size-exclusion chromatography (SEC)
of thioacidolysis products, acetylated using acetic anhydride/
pyridine (Gellerstedt 1992), was carried out using three Styragel
columns (HR4, HR2, and HR0.5 of 7.8=300 mm each) in series,
tetrahydrofuran as mobile phase, and 280 nm detection.
Desulfurization of thioacidolysis degradation
products
A total of 200 ml CH2Cl2 solution containing the thioacidolysis
products was desulfurized as described by Lapierre et al. (1991).
GC/MS analysis of the dimeric compounds was performed in a
Varian Star 3400 equipment coupled to an ion-trap detector
Varian Saturn 2000, using a DB-5HT fused-silica capillary col-
umn from J&W Scientific (30 m=0.25 mm i.d., 0.1 mm film thick-
ness). The temperature was programmed from 508C to 1108C at
308C min-1 and then to 3208C (13 min) at 68C min-1. The injector
and transfer line were at 3008C. Trimeric compounds were ana-
lyzed using a short (12 m) capillary column of the same char-
acteristics, a Varian 3800 chromatograph coupled to an ion-trap
detector Varian 4000 (with a range up to 1000 m/z), and a tem-
perature program from 608C (1 min) to 3808C (5 min) at 108C
min-1. The transfer line was at 3008C, and the injector was pro-
grammed from 1208C (0.1 min) to 3808C at 2008C min-1. In both
analyses, He was the carrier gas (2 ml min-1) and tetracosane
was used as internal standard. Dimer identification was based
on reported mass spectra of G-G compounds (Lapierre et al.
1991; Saito and Fukushima 2005) and mass fragmentography.
NMR spectroscopy
2D-NMR spectra were recorded at 258C in a Bruker AVANCE
500 MHz, equipped with a z-gradient triple resonance probe. A
total of 40 mg MWL was dissolved in 0.75 ml dimethylsulfoxide
(DMSO)-d6, and heteronuclear single quantum correlation
(HSQC) spectra were recorded. The spectral widths were 5000
and 13 200 Hz for the 1H and 13C dimensions, respectively. The
number of collected complex points was 2048 for 1H dimension,
with a recycle delay of 5 s. The number of transients was 64,
and 256 time increments were always recorded in 13C dimen-
sion. The 1JCH used was 140 Hz. The J-coupling evolution delay
was set to 3.2 ms. Squared cosine-bell apodization functionwas
applied in both dimensions. Prior to Fourier transformation, the
data matrixes were zero filled up to 1024 points in the 13C
dimension.
The cross-signal intensity depends on the particular 1JCH val-
ue, as well on the T2 relaxation time; therefore, a direct intensity
analysis of the different signals is impossible. Thus, integration
was performed separately for the different regions of the spec-
tra, which contain signals corresponding to chemically-analo-
gous C-H pairs, with similar 1JCH coupling values. In the aliphatic
oxygenated region, inter-unit linkages were estimated from Ca-
Ha correlations, except for structures E and F described below,
where Cb-Hb and Cg-Hg correlations were used respectively, and
the relative abundance of side-chains involved in different sub-
structures and terminal structures were calculated (with respect
to total side-chains), as well as the percentage of each inter-unit
linkage type with respect to the linkage total. In the aromatic
region, 13C-1H correlations from S and G units were used to esti-
mate the S/G ratio.
Results and discussion
Py-GC/MS
Py-GC/MS is a rapid and sensitive technique for analyz-
ing the composition of lignin (Faix et al. 1990; Ralph and
Hatfield 1991). It has already been applied for the ‘‘in
situ’’ calculation of S/G ratio in eucalypt wood (Rodrigues
et al. 1999; Yokoi et al. 1999, 2001; del Rı´o et al. 2005),
including the above mentioned species (Rencoret et al.
2007).
All the eucalypt lignins yielded similar Py-GC/MS prod-
ucts, and a representative pyrogram is shown in Figure
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Figure 1 Py-GC/MS chromatogram of a representative MWL isolated from E. dunnii wood. The numbers refer to the compounds
listed in Table 1.
1. The identities and relative molar abundances of the
released lignin compounds are listed in Table 1. Among
them, guaiacol and syringol-type phenols, derived from
the G and S lignin units, respectively, were identified.
Only traces (less than 0.1%) of phenol-type compounds
from p-hydroxycinnamyl (H) units could be detected. The
most important compounds identified were guaiacol (1),
4-vinylguaiacol (5), syringol (6), 4-methylsyringol (11), 4-
vinylsyringol (19), syringaldehyde (24), (E)-4-propenylsy-
ringol (27), and (E)-sinapaldehyde (37). In all the samples,
the S phenols were released in higher abundances than
the respective G phenols. The uncorrected molar S/G
ratios obtained from the molar areas of all the lignin-
derived compounds are shown in Table 2, ranging from
1.9 to 2.6. The lignin from E. globulus showed the highest
S/G ratio, which makes it easier to be delignified under
kraft cooking than the other eucalypt species (Rencoret
et al. 2007) due to the higher reactivity of the S lignin in
alkaline systems (Chang and Sarkanen 1973; Tsutsumi et
al. 1995). A similar tendency of lignin S/G ratios was
obtained by Py-GC/MS of the whole wood from these
eucalypt species (Rencoret et al. 2007), although the
values were on average 1.6-fold higher.
Concerning the S/G ratios, Sarkanen and Hergert
(1971) pointed out that degradation methods in general
overestimate the amounts of S units. This is due to the
low condensation degree of S units within the macro-
molecule. Accordingly, all degradation techniques lead to
an elevated amount of S units and, as a consequence,
the uncorrected S/G ratios overestimate the true S/G
ratios in lignin. This was also confirmed later for pyrolysis
by Bo¨ttcher (1993), who presented correction formulae,
and by Choi et al. (2006) and Rencoret et al. (2007), just
to mention a few.
2D-NMR
2D-NMR provides information of the structure of the
whole macromolecule and is a powerful tool for lignin
structural characterization (Ralph et al. 1999, 2004b;
Capanema et al. 2001, 2004, 2005; Balakshin et al. 2003;
Lu and Ralph 2005; Ibarra et al. 2007a,b) that enabled
description of new lignin substructures during recent
years (Karhunen et al. 1995; Zhang and Gellerstedt 2001;
Zhang et al. 2006).
The lignin HSQC spectra showed three regions corre-
sponding to aliphatic, side-chain, and aromatic 13C-1H
correlations. The aliphatic (non-oxygenated) region
included signals with no structural information in the case
of lignin. The side-chain and aromatic regions of a rep-
resentative eucalypt MWL are shown in Figures 2 and 3,
respectively. Cross-signals were assigned by comparing
with the literature (A¨mma¨lahti et al. 1998; Ralph et al.
1999, 2004b; Capanema et al. 2001, 2004, 2005; Balak-
shin et al. 2003; Liitia¨ et al. 2003; Ibarra et al. 2007a,b)
and the main assignments are listed in Table 3.
The side-chain region of the spectra yielded useful
information about the inter-unit linkages present in the
eucalypts lignins. All the spectra showed prominent sig-
nals corresponding to b-O-49 ether linkages (substructure
A). The Ca-Ha correlations in b-O-49 substructures were
observed at dC/dH 71.7–72.4/4.74–4.86 ppm, while the
Cb-Hb correlations were observed at dC/dH 84.1–86.4/
4.11–4.28 ppm. The Cg-Hg correlations in b-O-49 sub-
structures were observed at dC/dH 60.1/3.40 and
3.72 ppm, partially overlapped with other signals. In addi-
tion to b-O-49 substructures, other linkages were also
observed. Strong signals for resinol (b-b9/a-O-g9/g-O-a9)
substructures (B) were observed in all spectra, with their
Ca-Ha, Cb-Hb and the double Cg-Hg correlations at dC/dH
85.5/4.67, 54.1/3.06 and 71.7/3.83 and 4.19 ppm,
respectively. Phenylcoumaran (b-59/a-O-4) substructures
(C) were also found, although in lower amounts, the
signals for their Ca-Ha and Cb-Hb correlations being
observed at dC/dH 87.4/5.47 and 53.7/3.46 ppm, respec-
tively, and that of Cg-Hg correlation overlapping with oth-
er signals around dC/dH 62/3.8 ppm. Finally, small signals
corresponding to spirodienone (b-19/a-O-a9) substruc-
tures (D) could also be observed in the spectra, their
Ca-Ha, Ca9-Ha9, Cb-Hb, and Cb9-Hb9 correlations being at
dC/dH 81.7/5.09, 85.4/4.80, 60.3/2.75, and 79.8/4.11 ppm,
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Table 1 Identification and relative molar abundance of the compounds identified in the Py-GC/MS of MWL from wood of the different
eucalypt species analyzed.
E. globulus E. nitens E. maidenii E. grandis E. dunnii
1. Guaiacol 5.5 5.5 6.3 5.7 5.1
2. 4-Methylguaiacol 3.8 3.5 4.1 4.6 2.6
3. 3-Methoxycatechol 1.3 2.4 1.7 0.2 1.3
4. 4-Ethylguaiacol 1.2 1.2 1.4 1.3 0.9
5. 4-Vinylguaicol 4.8 4.6 5.1 5.9 4.0
6. Syringol 13.8 13.5 14.2 11.8 14.5
7. Eugenol 0.7 0.9 0.7 1.2 0.9
8. 4-Propylguaiacol 0.3 0.4 0.3 0.3 0.2
9. Vanillin 1.5 2.6 2.8 2.1 2.4
10. (Z)-Isoeugenol 0.3 0.1 0.3 0.8 0.4
11. 4-Methylsyringol 7.9 7.1 7.3 7.4 5.9
12. (E)-Isoeugenol 2.6 3.9 3.4 3.7 3.1
13. Homovanillin 1.2 1.0 1.1 0.9 0.8
14. Propine-guaiacol 0.6 0.5 0.6 1.0 0.7
15. Propine-guaiacol 0.5 0.4 0.5 0.7 0.5
16. Acetoguaiacone 0.6 0.9 1.2 1.4 1.0
17. 4-Ethylsyringol 4.2 2.0 1.9 1.5 1.5
18. Guaiacyl-acetone 0.6 0.5 0.5 0.4 0.4
19. 4-Vinylsyringol 9.9 8.2 7.5 8.1 7.9
20. Guaiacyl vinyl ketone 0.6 0.6 0.7 0.8 0.8
21. 4-Allylsyringol 1.7 1.9 1.5 1.6 2.0
22. Propylsyringol 0.2 0.2 0.2 0.2 0.2
23. (Z)-Propenylsyringol 1.4 1.4 1.6 1.8 1.8
24. Syringaldehyde 6.4 7.0 7.2 7.5 8.4
25. Propine-syringol 1.7 1.4 1.2 1.3 1.5
26. Propine-syringol 1.1 0.7 0.5 0.8 0.7
27. (E)-Propenylsyringol 5.7 6.8 5.1 5.8 6.0
28. Homosyringaldehyde 4.9 4.0 3.3 2.6 3.1
29. Acetosyringone 2.6 2.7 3.0 3.4 3.4
30. (E)-Coniferaldehyde 1.5 1.7 2.2 2.5 2.3
31. (E)-Coniferyl alcohol 0.8 2.1 1.7 1.5 2.5
32. Syringylacetone 1.5 1.2 1.1 0.9 1.0
33. Propiosyringone 0.9 0.9 1.0 1.0 0.9
34. Syringyl vinyl ketone 0.8 0.6 0.9 1.3 1.2
35. Dihydrosinapyl alcohol 0.2 0.4 0.3 0.3 0.4
36. (Z)-Sinapyl alcohol 0.3 0.6 0.5 0.3 0.8
37. (E)-Sinapaldehyde 5.6 4.6 5.0 6.2 6.2
38. (E)-Sinapyl alcohol 1.0 2.2 2.0 1.2 2.7
Table 2 Molar S/G ratios of the MWL from the different eucalypt woods estimated by different analytical techniques, and yields of
thioacidolysis monomer obtained from SEC analyses.
E. globulus E. nitens E. maidenii E. grandis E. dunnii
S/G ratio
Py-GC/MS 2.6 2.1 2.0 1.9 2.4
2D-NMR 2.9 2.7 2.4 1.7 2.7
Thioacidolysis 2.5 2.1 1.8 1.6 2.3
Thioacidolysis monomers
SEC (%) 47 45 44 42 48
respectively. Spirodienone substructures were previously
reported in the lignin from E. grandis wood by Capanema
et al. (2005). Other small signals in the side-chain region
of the HSQC spectra corresponded to Cb-Hb correlations
(at dC/dH 83.8/5.23 ppm) of b-O-49 substructures bearing
a Ca carbonyl group (E), and Cg-Hg correlation (at dC/dH
61.9/4.09 ppm) tentatively assigned to p-hydroxycinna-
myl (F) terminal structures (although their olefinic corre-
lations were not found in the corresponding region of the
spectra). No dibenzodioxocin structures could be
observed in the HSQC spectra of any of the eucalypt
MWL samples selected for this study, in agreement with
the results already reported for the lignins of E. grandis
(Capanema et al. 2005) and E. globulus (Ibarra et al.
2007a).
The percentage of lignin side-chains involved in the
main substructures and terminal structures found in the
eucalypt lignins (referred to total side-chains) are indi-
cated in Table 4, which also shows (in parentheses) the
relative abundance of each of the inter-unit linkages. In
all cases, the main substructure was the b-O-49 one (A)
that corresponded to around 70% of all side-chains. E.
nitens, E. globulus, and E. maidenii presented the highest
proportion of b-O-49 linkages, while E. grandis and E.
dunnii presented the lowest proportion. The second most
abundant linkage in the eucalypt lignin corresponded to
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Figure 2 Expanded side-chain region, dC/dH 50–90/2.6–5.6 ppm, of the HSQC spectrum of a representative MWL (from E. dunnii
wood). The main structures observed were: (A) b-O-49 linkages; (B) resinol formed by b-b9, a-O-g9 and g-O-a9 linkages; (C) phenyl-
coumarane structures formed by b-59 and a-O-49 linkages; (D) spirodienone structures formed by b-19, a-O-49 linkages; (E) Ca-
oxidized b-O-49 linkages; (F) p-hydroxycinnamyl alcohol terminal unit. See Table 3 for signal assignment. Different colors were used
to identify the main cross-signals and their corresponding structures, and some unidentified signals are shown in gray. (d) dioxane
impurity.
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Figure 3 Expanded aromatic region, dC/dH 90–135/5.5–8.5 ppm, of the HSQC spectra of a representative MWL (from E. dunnii
wood). The main aromatic structures observed were: (G) guaiacyl unit (etherified); (S) syringyl unit (etherified); (S9) oxidized syringyl
unit bearing a carbonyl group at Ca (phenolic); (S0) oxidized syringyl unit bearing a carboxyl group at Ca: and (D) spirodienone (see
Figure 2). See Table 3 for signal assignment. Different colors were used to identify the main cross-signals and their corresponding
structures.
the resinol substructure (B) that involved around 17% of
all side chains, the highest proportion being found in E.
dunnii. The other linkages, such as phenylcoumaran (C)
or spirodienone (D), were present in lower proportions.
The lignin from E. dunnii had the lowest proportion of b-
O-49 ether linkages, and the highest proportion of con-
densed structures. This fact could explain why the wood
from E. dunnii is the most difficult to delignify (Rencoret
et al. 2007), despite having a relatively high S/G ratio. b-
O-49 linkages are cleaved during alkaline cooking, while
several condensed linkages (such as b-b9, b-59, and
b-19) resist cooking conditions (Gierer and Nore´n 1980;
Gierer 1985; Ibarra et al. 2007a). The low content of
phenylcoumaran and other condensed structures in
E. globulus lignin has been reported previously (Xie
2004).
The main cross-signals in the aromatic region of the
HSQC spectra (Figure 3) corresponded to the benzenic
rings of lignin units. Signals from syringyl (S) and guaiacyl
(G) units could be observed in all the spectra. The S units
showed a prominent signal for the C2,6-H2,6 correlation at
dC/dH 104.7/6.69 ppm, while the G units showed different
correlations for C2-H2 (dC/dH 111.6/6.99 ppm), C5-H5
(dC/dH 115.4/6.72 and 6.94), and C6-H6 (dC/dH 119.5/
6.77 ppm). The double C5-H5 signal revealed some het-
erogeneity among the G units especially affecting the
C5-H5 correlation, probably because it is due to different
substituents at C4 (e.g., phenolic or etherified in different
substructures). Signals corresponding to C2,6-H2,6 corre-
lations in Ca-oxidized S-lignin units (S9 and S0) were
observed at dC/dH 106.8/7.32 and 107.0/7.19, respec-
tively. Signals of H units were not detected in any of the
HSQC spectra, although a very minor signal with rela-
tively similar dC/dH (130/7.2 instead of 130/7.0 ppm) was
found in some of the MWL samples. A NMR estimation
of the molar S/G ratios in the different lignins is included
in Table 2, ranging from 1.7 to 2.9. The highest S/G value
corresponded to the E. globulus lignin, while the lowest
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Table 3 Assignments of 13C-1H correlation signals in the 2D-
NMR spectra of MWL from wood of the different eucalypt spe-
cies analyzed.
dC/dH (ppm) Assignment
53.7/3.46 Cb-Hb in phenylcoumaran substructures (C)
54.1/3.06 Cb-Hb in resinol substructures (B)
56.2/3.73 C-H in methoxyls
60.1/3.40 CgHg in b-O-49 substructures (A)
and 3.72
60.3/2.75 Cb-Hb in spirodienone substructure (D)
61.9/4.09 Cg-Hg in p-hydroxycinnamyl
(sinapyl/coniferyl) alcohol (F)
71.7/4.74 Ca-Ha in b-O-49 linked to a G unit (A)
71.7/3.83 Cg-Hg in resinol substructures (B)
and 4.19
72.4/4.86 Ca-Ha in b-O-49 linked to a S unit (A)
79.8/4.11 Cb9-Hb9 in spirodienone substructure (D)
81.7/5.09 Ca-Ha in spirodienone substructure (D)
83.8/5.23 Cb-Hb in b-O-49 with CasO (E)
84.1/4.28 Cb-Hb in b-O-49 linked to a G unit (A)
85.5/4.67 Ca-Ha in resinol substructures (B)
85.4/4.80 Ca9-Ha9 in spirodienone substructure (D)
86.4/4.11 Cb-Hb in b-O-49 linked to a S unit (A)
87.4/5.47 Ca-Ha in phenylcoumaran substructures (C)
104.7/6.69 C2,6-H2,6 in etherified syringyl units (S)
106.8/7.32 C2,6-H2,6 in oxidized (CasO) phenolic
syringyl units (S9)
107.0 /7.19 C2,6-H2,6 in oxidized (CaOOH) syringyl
units (S0)
114.1/6.26 C29-H29 in spirodienone substructure (D)
111.6/6.99 C2-H2 in guaiacyl units (G)
119.5/6.08 C69-H69 in spirodienone substructure (D)
115.4/6.72 C5-H5 in guaiacyl units (G)
and 6.94
119.5/6.77 C6-H6 in guaiacyl units (G)
Table 4 Percentage of lignin side-chains forming different inter-unit linkages (A–E) and terminal structures (F) from integration of
13C-1H correlation signals in the HSQC spectra of MWL from wood of the different eucalypt species analyzed (referred to total side-
chains).
E. globulus E. nitens E. maidenii E. grandis E. dunnii
b-O-49 (A) 69.3 (80.4) 71.7 (83.1) 69.7 (80.3) 66.9 (77.3) 65.9 (77.0)
Resinol (B) 18.2 (10.6) 16.1 (9.3) 16.4 (9.5) 16.5 (9.5) 19.0 (11.1)
Phenylcoumaran (C) 2.9 (3.4) 4.0 (4.7) 3.6 (4.2) 6.8 (7.9) 4.0 (4.7)
Spirodienone (D) 2.8 (3.3) 1.3 (1.5) 3.6 (4.2) 2.9 (3.3) 4.2 (4.9)
b-O-49-CasO (E) 2.0 (2.3) 1.3 (1.5) 1.7 (1.9) 1.7 (1.9) 1.9 (2.2)
p-Hydroxycinnamyl alcohols (F) 4.7 5.7 4.9 5.3 4.9
The relative abundance of each inter-unit linkage type (taking into account that two side-chains are required to form one resinol
structure) is indicated in parentheses.
value corresponded to that from E. grandis, as similarly
observed by Py-GC/MS. Other signals in this HSQC
region of the spectra are from spirodienone substruc-
tures (D) with C29-H29 and C69-H69 correlations at dC/dH
113.5/6.18 and 119.5/6.08, respectively.
The percentage of b-b9-linked side-chains found
(16–19%) differed from that reported for E. grandis MWL
(only 3% side-chains) (Capanema et al. 2005). However,
higher resinol contents (13–15% side-chains) has been
reported for E. globulus dioxane lignin, although with a
very high S/G ratio of 6 (Evtuguin et al. 2001; Evtuguin
and Amado 2003). A certain percentage of H units (up to
2%) has been reported in eucalypt lignin using NMR
(Evtuguin et al. 2001; Capanema et al. 2005); however,
we failed to confirm it by 2D-NMR of the different Euca-
lyptus lignins, in agreement with the very low Py-GC/MS
relative abundances discussed above.
Thioacidolysis
Thioacidolysis (Rolando et al. 1992) has proven to be a
selective method for degrading the most frequent inter-
unit linkage in lignin, i.e., the b-O-49 ether linkage. The
total yields and relative distribution of the G and S thio-
acidolysis monomers reflect the amount and ring type of
lignin units only involved in alkyl-aryl ether bonds. The
main dimers recovered after thioacidolysis provide infor-
mation on the various carbon-carbon and diaryl ether
linkages, referred to as the ‘‘condensed’’ bonds (includ-
ing 5-59, 4-O-59, b-19, b-59 and b-b9) (Lapierre et al. 1991,
1995).
While HSQC NMR yielded information on the main
inter-unit linkages in the eucalypt lignins, it cannot pro-
vide information on the units attached to each other. The
whole mixtures of thioacidolysis degradation products
from the different eucalypt lignins were analyzed by SEC.
A representative chromatogram is shown in Figure 4. The
most prominent peak corresponds to monomeric com-
pounds. Its high area (Table 2) was in agreement with the
high extent of b-O-49 ether linkages in the eucalypt
lignins already observed by HSQC NMR. The two other
fractions corresponded to dimeric compounds, and a
mixture of trimers and oligomeric compounds.
The composition of the main monomers showed a pre-
dominance of S over G units in the etherified eucalypt
lignin, and the nearly-complete absence of H units (less
than 0.5% of the total) as observed by Py-GC/MS of the
whole polymer (these low abundances are below the
HSQC detection level). The thioacidolysis yield was
1000–1550 mmol g-1 lignin, and the molar S/G ratios
obtained are provided in Table 2. It should be empha-
sized that the monomeric products released by thioaci-
dolysis reflects only the lignin units linked by
arylglycerol-b-aryl ether bonds. The differences in the S/
G ratios were similar to those estimated by the two other
methods, with the highest value for the E. globulus lignin
and the lowest for the E. grandis and E. maidenii lignins.
Also here, a hint is appropriate that the S/G ratios
obtained by thioacidolysis may be elevated (see Sarka-
nen and Hergert 1971). It is interesting that the NMR
method yielded similar results as those obtained by the
two degradation techniques.
The dimeric compounds obtained by thioacidolysis of
the eucalypt MWL were analyzed after Raney-Nickel
79
Structure of lignin from different eucalypt woods 521
Article in press - uncorrected proof
Figure 4 Size-exclusion chromatogram of the thioacidolysis
degradation products of a representative eucalypt MWL (from
E. globulus wood).
Figure 5 Chromatogram of the thioacidolysis degradation products (after Raney-Nickel desulfurization) of a representative eucalypt
MWL (from E. maidenii wood), as trimethylsilyl derivatives. The main structures observed include monomers (S and G), 5-59, 4-O-59,
b-19, b-59, isochroman and b-b9 dimers (G-G, G-S, and S-S type). The numbers refer to the compounds (monomers and dimers)
listed in Table 5, and the structures are shown in Figure 6. IS refers to tetracosane used as internal standard.
desulfurization. A representative chromatogram of the tri-
methylsilylated products is shown in Figure 5. Their
structures are shown in Figure 6, and all mass spectral
data are summarized in Table 5. The main dimers
obtained were of 5-59 (dimers 3-5), 4-O-59 (6 and 8), b-
19 (7, 9, 11, 14, 16 and 24), b-59 (10, 12, 15 and 21), b-
b9 tetralin (13, 17-20 and 23) and phenylisochroman (22,
25-27; including b-19/a-O-a9 bonds) types. Their relative
proportions from the different lignins are shown in Table
6. The total abundances were much lower than those of
monomers, and were roughly estimated as 400 mmol g-1
of initial lignin. The condensed-lignin S/G ratio (Table 6)
was slightly lower than those obtained for the etherified
or total lignins, revealing a higher presence of G units
involved in condensed linkages (Lapierre et al. 1995).
Many of the dimeric substructures in eucalypt lignin (A–E
in Figure 2) were partially modified during thioacidolysis
resulting in breakdown of labile linkages and formation
of new bonds (dimers 13, 17–20 and 23). In spite of this,
the origin of these dimers could be established as fol-
lows: i) 5-59 dimers from breakdown of a-O-49 and b-O-
49 ethers in dibenzodioxocins and from other 5-59
biphenyl structures; ii) b-19 dimers from breakdown of
a-O-a9 ether and side-chain lost in spirodienones; iii) b-
59 dimers from breakdown of a-O-49 ether in phenylcou-
maran substructures; and iv) tetralin dimers from
breakdown of two a-O-g ethers and subsequent reac-
tions in resinol substructures.
Tetralin and b-19 dimeric compounds were the most
prominent thioacidolysis dimers from all the lignins and
appeared in similar proportion (around 30% of each).
Tetralins would be formed from the resinol substructures
as described by Lapierre et al. (1995). The high propor-
tion of b-b9 dimers (tetralin-type) was in agreement with
the high amount (9–11%) of b-b9 substructures (resinol-
type) in all the eucalypt lignins (Table 4) that would
represent around 50% of the NMR structures with C-C
linked side-chains (B–D). More interestingly, nearly all
(93–94%) the b-b9 dimers from the different eucalypt lig-
nins were of the syringaresinol type (pinoresinol being
absent and the G-S structure appearing as a minor sub-
structure) (Table 6). This is much more than expected
from random coupling in a monolignol mixture with 2–3-
fold higher concentration of sinapyl alcohol than coniferyl
alcohol. The high predominance of syringaresinol among
b-b9 substructures in E. globulus lignin has been sug-
gested previously using electrospray-ionization MS
(Evtuguin and Amado 2003).
b-19 dimers were anomalously prominent, as reported
for degradation products from other lignins (Lapierre et
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Figure 6 Structures of monomeric and main dimeric compounds obtained after thioacidolysis and Raney-Nickel desulfurization of
the different eucalypt MWLs. All mass spectral data of the compounds (as trimethylsilyl derivatives) are listed in Table 5.
al. 1995; Ralph et al. 2004a). The existence of b-19 dimer-
ic substructures in lignin has been a matter of contro-
versy for years. More recently, two b-19 linked
substructures, spirodienones, and phenylisochromans,
were identified using 2D-NMR in combination with DFRC
(derivatization followed by reductive cleavage) (Ralph et
al. 1998; Zhang and Gellerstedt 2001). Phenylisochro-
mans are resistant toward thioacidolysis; therefore, only
spirodienones could be at the origin of the b-19 dimers
observed here. However, a comparison of the abun-
dances of spirodienones (HSQC) and b-19 dimers (thio-
acidolysis) suggested that other b-19 structures, maybe
including simple dimeric structures, are also present in
eucalypt lignin. b-59 dimers were also released in impor-
tant amounts (11–17%) as corresponds to a phenylcou-
maran (Lapierre et al. 1991) abundance near 25% of the
condensed substructures in HSQC spectra (B–D). The
three thioacidolysis dimers with the lowest abundance
(5–10%), i.e., 5-59, 4-O-59, and isochroman, were not
detected by NMR because the abundance of the original
substructures was below the NMR detection level.
Dibenzodioxocins are supposed to be the main biphenyl
structures in lignin (Karhunen et al. 1995; Ralph et al.
2004a); therefore, the 5-59 dimers were considered most-
ly as being dibenzodioxocin degradation products,
although simple biphenyl structures have also been
reported in lignin (Capanema et al. 2004; Balakshin et al.
2005). The isochroman structure (Lapierre et al. 1991) is
probably formed by side-chain migration (from C1 to C6)
of a spirodienone intermediate during lignin biosynthesis
(Ralph et al. 1998; Peng et al. 1999).
In addition to the above monomeric and dimeric com-
pounds, several thioacidolysis trimers were obtained.
Silylated desulfurized trimers were not detected under
the chromatographic conditions used for analyzing the
corresponding dimers. However, when a short (12-m
length) column was used in combination with higher-tem-
perature program (Gutie´rrez et al. 1998), both dimeric and
trimeric thioacidolysis products could be observed in the
same chromatographic run as trimethylsilylated deriva-
tives (Figure 7). Trimers were obtained with low abun-
dance (below 50 mmol g-1 of lignin) but using
selected-ion chromatographic profiles (Figure 7C) three
main peaks (a–c) could be identified showing the same
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Table 5 Identification and mass spectral fragments of the compounds (silylated monomers and dimers) released after thioacidolysis
and Raney-Nickel desulfurization of MWL from wood of the different eucalypt species analyzed, whose structures are depicted in
Figure 6a.
Compound Linkage Fragments (m/z) Mw
Monomers
1 G , 223, 209, 179, 73238 238
2 S , 253, 239,238, 209268 268
Dimers
3 5-59 (G-G) 446, 431, 417, 416, 73 446
4 5-59 (G-G) 460, 445, 431, 430, 73 460
5 5-59 (G-G) 474, 459, 445, 444, 385, 357, 73 474
6 4-O-59 (G-G) , 387, 373, 372, 357, 343, 73402 402
7 b-19 (G-G) 418, , 179, 73209 418
8 4-O-59 (G-S) , 417, 403, 73432 432
9 b-19 (G-S) 448, 433, , 209, 179, 73239 448
10 b-59 (G-G) 460, 445, 251, 236, , 207,179, 73209 460
11 b-19 (G-G,-OH) 520, 505, 417, , 223, 209, 179, 149, 73311 520
12 b-59 (G-G,-OH) 562, 472, 352, 263, 209, 191, 73 562
13 b-b9 (G-S) 502, 306, 269, 239, 209, 73 502
14 b-19 (S-S) 478, 463, , 209, 73239 478
15 b-59 (G-S) 490, , 209, 73239 490
16 b-19 (G-S,-OH) 550, 535, 341, 73 550
17 b-b9 (S-S) 518, 503, 489, 488, , 73292 518
18 b-b9 (S-S) , 517, 502, 445, 306, 291, 275, 73532 532
19 b-b9 (G-S) 502, 487, 472, 415, 276, 73 502
20 b-b9 (S-S) , 517, 502, 445, 306, 291, 275, 73532 532
21 b-59 (G-S,-OH) 592, 502, 472, 239,209, 191, 73 592
22 b-19/a-O-a9 (G-G) 488, 473, 459, 279, 251, 209, 73 488
23 b-b9 (S-S) , 517, 502, 445, 306, 291, 275, 73532 532
24 b-19 (S-S,-OH) 580, 565, , 239, 209, 73341 580
25 b-19/a-O-a9 (G-S) 518, 503, 489, 309, 239, 209, 73 518
26 b-19/a-O-a9 (S-G) 518, 503, 489, 279, 251, 239, 209, 73 518
27 b-19/a-O-a9 (S-S) 548, 533, 519, 309, 278, 281, 239, 209, 73 548
aLinkage type and molecular weight (Mw) are indicated, in addition to main mass fragments (the base peaks are underlined).
Table 6 Relative molar percentages of the different dimer types (see Table 5 and Figure 6) released after thioacidolysis and Raney-
nickel desulfuration of MWL from wood of the different eucalypt species analyzed, and total S/G ratio of condensed lignin.
5-59 4-O-59 b-19 b-59 b-b9 b-19/a-O-a9 S/G
GG GG SG GG SG SS GG SG SG SS GG SG SS
E. globulus 6 3 6 4 8 19 10 5 2 30 1 1 5 1.8
E. nitens 10 3 7 3 5 24 7 4 2 30 1 1 3 2.0
E. maidenii 6 2 5 3 8 18 12 5 2 32 1 1 4 1.8
E. grandis 10 4 5 7 8 17 12 5 2 26 1 1 3 1.3
E. dunnii 11 4 8 3 4 24 8 5 2 25 1 1 4 1.7
mass spectrum. These above trimeric compounds pre-
sented a molecular (and base peak) at m/z 696, and a
fragment at m/z 306 (characteristic of S-S tetralin dimers)
and were tentatively identified as S-b-b9-S9-49-O-50-G0
trimers (Figure 7D). Three isomers of this trimeric struc-
ture were detected, as also occurred with the corre-
sponding dimers (18, 20, and 23) (Figure 7B), which were
among the main dimeric compounds released from euca-
lypt lignin (Figure 7A). The same trimeric compound has
been identified as an acetylated derivative after thioaci-
dolysis (and Raney-nickel desulfuration) of two other
hardwoods (O¨nnerud and Gellerstedt 2003) and the cor-
responding G-G-G trimer has been reported in spruce
(O¨nnerud 2003). In addition to these main trimeric com-
pounds several other thioacidolysis trimers were detect-
ed in very minor amounts, being homologous to dimers
5, 21, 9, 27, 14, 8, and 12. Due to their low abundance,
the trimeric compounds did not provide useful informa-
tion for comparing the different eucalypt lignins. How-
ever, they provided some additional clues on the
structure of the condensed lignin in the eucalypt wood
which completed that obtained from the analysis of
dimers and the HSQC NMR studies. It is especially inter-
esting that all the trimers detected were formed by addi-
tion to one of the main dimers previously described of
one G unit linked by a condensed ether linkage being,
therefore, of the type dimer-4-O-59-G.
Conclusions
The MWL isolated from different eucalypt species (E. glo-
bulus, E. nitens, E. maidenii, E. grandis, and E. dunnii)
was characterized by Py-GC/MS, 2D-NMR, and thioaci-
dolysis (followed by Raney Ni desulfurization). A predom-
inance of syringyl over guaiacyl lignin moieties was found
in all eucalypt MWLs, with the highest S/G ratio observed
in E. globulus lignin. The main inter-unit linkage present
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Figure 7 Short-column (12-m length) partial chromatographic profiles (7.0–18.3 min) enabling simultaneous analysis of silylated
dimeric and trimeric compounds from thioacidolysis (and Raney-nickel desulfurization) of a representative eucalypt MWL (from
E. maidenii wood). (A) Total-ion profile showing the dimer and trimer regions (and IS peak of tetracosane used as internal standard).
(B) Selected-ion profile corresponding to the 532 m/z ion showing three isomers of the main dimer (peaks 18, 20, and 23). (C)
Selected-ion profile corresponding to the 696 m/z ion revealing three peaks (a, b, and c) identified as three isomers of a trimeric
compound. (D) Mass spectrum of trimer b and its tentative chemical structure (S-b-b9-S9-49-O-50-G type trimeric compound).
in the eucalypt MWL was the b-O-49 aryl-ether bond
followed by b-b9 resinol-type substructures, with lower
amounts of b-59 phenylcoumaran and b-19 spirodienone
substructures. Furthermore, analysis of desulfurated
thioacidolysis products indicated that the b-b9 substruc-
tures present in the eucalypt MWL are almost exclusively
of syringaresinol type. Some trimeric compounds made
of a syringaresinol moiety attached to a guaiacyl unit
through a 4-O-59 linkage were also reported in the euca-
lypt MWL. A conclusion to the whole lignin of the euca-
lyptus species described is only possible with limitations,
because the yields of the MWLs investigated amounted
only to 10–15% of the original Klason lignin content.
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ABSTRACT 
"In situ" analysis of lignin by 2D-NMR of whole lignocellulosic materials was carried out by swelling in 
dimethylsulfoxide (DMSO-d6) finely ground samples, and forming a gel in the NMR analysis tube. Solution HSQC-
NMR spectra of lignocellulosic materials representative for hardwood (Eucalyptus globulus), softwood (Picea abies)
and non-woody plants (Agave sisalana) at the gel state are presented showing signal corresponding to the main plant 
constituents. The obtained spectra showed both lignin and carbohydrates signals and the assignment of the lignin 
signals was obtained by comparing the lignocellulose spectra with spectra of MWL isolated from the same materials.
I. INTRODUCTION 
A main challenge in elucidating the structure of lignin is the isolation procedure. The classical lignin extraction 
procedure (Bjorkman, 1956) consists of aqueous dioxane extraction from ball milled wood. The resulting milled wood 
lignin (MWL) is usually considered to be representative of native lignin. Another approach is subjecting the milled 
wood to enzymatic treatment with cellulolytic enzymes which remove most of the carbohydrate components (Chang et 
al., 1975; Wu and Argyropoulos, 2003). However, it is well recognized that these lignin preparations, in particular 
MWL, due to its low yield represents only a part of the native lignin in the wood cell wall and may not be 
representative of the whole lignin present. Indeed, it has also been demonstrated that lignin can undergo structural 
changes during the MWL isolation procedure, especially during the milling process (Fujimoto et al., 2005). Therefore, 
and because lignin is intimately interpenetrating the other wood components (cellulose and hemicelluloses), it is 
obvious that its truly native form can only be studied by analytical methods applicable directly on the whole 
lignocellulosic material.  
Nowadays, the best information on lignin structure comes from 2D-NMR spectroscopy informing about both 
phenylpropanoid units and inter-unit linkages in preparations generally obtained by the MWL method. In order to 
obtain more information about the native lignin polymer, some methods have been proposed for the "in situ" analysis 
of lignin by 2D-NMR of whole lignocellulosic materials. We must refer to the use of solvent systems for fully 
dissolving finely ground wood that is then acetylated (Lu and Ralph 2003; Kilpeläinen et al., 2007), and a most recent 
approach that consists in swelling finely ground samples in dimethylsulfoxide (DMSO-d6) and forming a gel in the 
NMR tube (Kim et al. 2007). Both methods were assayed here for the analysis of lignin in wood and non-woody plant 
materials, and the best resolved spectra were obtained from the lignocellulose gels. Heteronuclear single quantum 
correlation (HSQC) solution NMR spectra of lignocellulosic materials representative for hardwood (Eucalyptus 
globulus), softwood (Picea abies) and non-woody plants (Agave sisalana) at the gel state are presented showing signal 
corresponding to the main plant constituents.
II. EXPERIMENTAL 
Samples. E. globulus and P. abies woods and A. sisalana fibers were grounded in a Retsch cutting mill to pass through 
a 100-mesh screen and then successively extracted with acetone for 8 h in a Soxhlet extractor and with hot water (100 
ºC) for 3 h. Klason lignin was estimated according to T222 om-88 (Tappi, 2004). The extractive free sawdust was 
finely ball-milled in a Retsch S100 centrifugal ball (10 h) using agate jar and balls. Roughly 100 mg of finely ball-
milled wood were dissolved in 0.75 mL of dimethylsulfoxide (DMSO)-d6, and HSQC spectra were recorded. 
Simultaneously, solutions of acetylated lignocellulosic samples were obtained by the method described by Lu and 
Ralph (2003). 
NMR. 2D-NMR spectra were recorded at 25ºC in a Bruker AVANCE 500 MHz, equipped with a z-gradient triple 
resonance probe. The spectral widths were 5000 and 13200 Hz for the 1H and 13C dimensions, respectively. The 
number of collected complex points was 2048 for 1H dimension, with a recycle delay of 5 s. The number of transients 
was 64, and 256 time increments were always recorded in 13C dimension. The 1JCH used was 140 Hz. The J-coupling 
evolution delay was set to 3.2 ms. Squared cosine-bell apodization function was applied in both dimensions. Prior to 
Fourier transformation, the data matrixes were zero filled up to 1024 points in the 13C dimension. Signal volume 
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integration was used to calculate the S/G ratio (from S2,6 and G2+G6 cross-signals) and percentage of side-chains 
involved in different inter-unit linkages (from C-H correlations). The acylation percentage was obtained by 
integrating the signals from C-H correlations in acylated and non-acylated -O-4´ structures. 
 
III. RESULTS AND DISCUSSION  
The HSQC-NMR spectra of the lignocellulosic samples selected for this study are shown in Figure 1. The main lignin 
substructures observed in the lignocellulosic materials are also shown. Carbohydrate signals were predominant in all 
spectra but lignin signals could also be clearly observed in all of them despite their low lignin content (27% and 18% 
Klason lignin for spruce and eucalypt, respectively), and especially for sisal (11% Klason lignin). Unequivocal 
assignment of the lignin signals was obtained by comparing the lignocellulose spectra with spectra of MWL isolated 
from the same materials, and the main lignin cross-signals observed in the HSQC spectra are indicated in Table 1. 
 
 
Figure 1.- HSQC-NMR spectra of eucalypt wood, spruce wood and sisal fiber, at gel state. The main lignin structures 
observed are indicated. 
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Table 1. Assignment of main lignin 13C-1H cross-signals in the HSQC spectra shown in 
Figures 1. 
 
   C/H (ppm) Assignment 
 53.7/3.12 C-H in -' (resinol) substructures (B) 
 53.7/3.44 C-H in -5' phenylcoumaran substructures (C) 
 60.0/3.38-3.71 CH in -O-4' substructures (A) and others 
 63.8/3.83-4.30 CH in -acetylated -O-4' substructures (A') and others 
 71.7/3.81 and 4.17 C-H in -' (resinol) substructures (B) 
 72.3/4.86 C-H in -O-4' substructures (A and A') 
 83.6/4.32 C-H in -acetylated -O-4' substructures (A') 
 84.1/4.28 C-H in -O-4' substructures linked to a G unit (A) 
 85.4/4.64 C-H in -' (resinol) substructures (B) 
 86.5/4.10 C-H in -O-4' substructures linked to a S unit (A) 
 87.7/5.45 C-H in -5' phenylcoumaran substructures (C) 
 103.8/6.68 C2-H2 and C6-H6 in syringyl units (S) 
 106.7/7.36 and 7.21 C2-H2 and C6-H6 in oxidized (C=O) syringyl units (S´) 
 111.5/6.99 C2-H2 in guaiacyl units (G) 
 115.2/6.71 and 6.94 C5-H5 in guaiacyl units (G) 
 119.5/6.83 C6-H6 in guaiacyl units (G) 
 
 
 
All the spectra showed prominent signals corresponding to -O-4' ether linkages (substructures A and A´). The C-H 
correlations in -O-4' substructures is eucalypt and spruce were observed at C/H 60.0/3.38 and 3.71 ppm, partially 
overlapped with other signals. Interestingly, the HSQC spectrum of sisal clearly show the presence of intense signals 
corresponding to acylated -carbon in the range from C/H 63.5/3.83 and 4.30 ppm, together with the presence of 
signals from normal hydroxylated -carbon (at C/H 60.0/3.38 and 3.71 ppm). The HSQC spectra indicate that this 
lignin is extensively acylated and that acylation occurs at the -position of the lignin side-chain. The C-H correlations 
in -O-4' substructures were observed at C/H 72.3/4.86 ppm, while the C-H correlations were observed in the range 
at C/H 83.6-86.5/4.10-4.64 ppm, and differed among the samples. In eucalypt wood, the C-H correlations were 
observed at C/H 86.5/4.10 in -O-4' substructures linked to an S-lignin unit and at C/H 84.1/4.28 in -O-4' 
substructures linked to a G-lignin unit. In spruce, only the latest C-H correlations (tipical of a G-lignin) were 
observed, while in sisal the C-H correlations were observed at C/H 86.5/4.10 ppm in -OH -O-4´ aryl ether 
substructures (A) but shifted to C/H 83.6/4.32 ppm in -acylated -O-4´ aryl ether substructures (A'). In addition to -
O-4' substructures, other linkages were also observed in the HSQC of the different lignocellulosic materials. Strong 
signals for resinol (-'/-O-'/-O-') substructures (B) were observed in the spectrum of eucalypt wood, with their 
C-H, C-H and the double C-H correlations at C/H 85.5/4.64, 53.7/3.12 and 71.7/3.83 and 4.30 ppm, respectively. 
Resinol substructures (B) were observed in lower amounts in spruce wood but could not be detected in sisal. 
Phenylcoumaran (-5'/-O-4) substructures (C) were also found being more abundant in spruce, the signals for their 
C-H and C-H correlations being observed at C/H 87.7/5.45 and 53.7/3.44 ppm, respectively, and that of C-H 
correlation overlapping with other signals around C/H 62/3.8 ppm. Finally, spirodienone and dibenzodioxocin 
substructures could not be observed in any of the HSQC spectra due to their lower abundances. 
 
Signals from syringyl (S) and guaiacyl (G) units could be observed in the spectra of E. globulus wood and A. sisalana 
fibers while only G units were found in the spectrum of P. abies wood. The S units showed a prominent signal for the 
C2,6-H2,6 correlation at C/H 103.8/6.68 ppm, while the G units showed different correlations for C2-H2 (C/H 
111.5/6.99 ppm), C5-H5 (C/H 115.2/6.71 and 6.94) and C6-H6 (C/H 119.5/6.83 ppm). The double C5-H5 signal 
revealed some heterogeneity among the G units especially affecting the C5-H5 correlation, probably because it is due to 
different substituents at C4 (e.g. phenolic or etherified in different substructures). 
 
The percentage of lignin side-chains involved in the main substructures found in the samples (referred to total side-
chains) are indicated in Table 2, together with the percentage of -acylation (estimated from the C-H correlations in 
acylated and non-acylated -O-4´ structures) and the S/G ratios obtained from the HSQC spectra.  In all cases, the 
main substructure was the -O-4' one, followed by -´ resinol substructures in the case of eucalypt wood and -5´ 
phenylcoumaran substructures in spruce wood. In sisal fibres, the -O-4' aryl ether linkage was the most predominant 
with only traces of other structures. Moreover, the lignin from sisal is extensively acetylated at the -carbon of the side-
chain (70%), being very different from the other two lignins. 
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Table 2. Relative abundance of main inter-unit linkage types, percentage 
of -acylation of the side-chain and S/G ratios of the selected 
lignocellulosic materials. 
 
 Eucalypt Spruce Sisal 
Abundance of main linkages (%)    
-O-4´ aryl ether 89 77 100 
- ´ resinol 9 4 tr 
-5´ phenylcoumaran 2 20 tr 
    
Percentage of -acylationa - - 70 
    
S/G ratio 2.8 0 3.6 
    
  aEstimated from the C-H correlations in acylated and non-acylated -O-4´ structures. 
 
Acetylated wood solutions, prepared according the method described by Lu and Ralph (2003), were also analyzed by 
HSQC. The spectra were very similar (same lignin substructures, and in similar proportions) to those obtained from the 
wood gel. However, a major drawback of this method is the inability to detect natural acylated lignin units, such as 
those occurring in sisal, since the sample is acetylated during the wood solution procedure. 
IV. CONCLUSIONS 
2D-NMR of ball-milled lignocellulose resulted an efficient method for analyzing lignin in different plant materials 
directly and quickly. The spectrum of eucalypt wood revealed a syringyl-rich lignin with a predominance of -O-4' 
followed by -' linkages, whereas the spruce spectrum only showed guaiacyl units linked by -O-4' and 
phenylcoumaran-type bonds. Finally, the sisal spectrum yielded the less intense lignin signals, due to its lower lignin 
content, corresponding to a syringyl-rich polymer. -O-4´ aryl ether substructures were also highly predominant in the 
sisal lignin. 
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Chemical modification of eucalypt lignin was investigated during kraft pulping and chlorine-free
bleaching by comparing milled wood lignin, kraft lignin, and pulp enzymatic residual lignins. The
syringyl-to-guaiacyl ratio (S/G) from analytical pyrolysis slightly changed during pulping and bleaching
(S/G, 3-4) but was higher in the kraft lignin. Semiquantitative heteronuclear single quantum correlation
(HSQC) nuclear magnetic resonance (NMR) showed that the relative amount of -O-4′ (around
80% side chains) and resinol type substructures (15%) was slightly modified during pulping and oxygen
delignification. However, a decrease of resinol substructures (to only 6%) was found after alkaline
peroxide bleaching. The relative amount of surviving linkages in the highly phenolic kraft lignin was
dramatically modified; resinols were predominant. Oxygen delignification did not change interunit
linkages, but a relative increase of oxidized units was found in the HSQC aromatic region, in agreement
with the small increase of pyrolysis markers with oxidized side chains. NMR heteronuclear multiple
bond correlations showed that the oxidized units after oxygen delignification bore conjugated ketone
groups.
KEYWORDS: Lignin structure; 2D NMR; HSQC; HMBC; HSQC-TOCSY; analytical pyrolysis; infrared
spectroscopy; Eucalyptus globulus; kraft pulping; totally chlorine free bleaching; paper pulp residual
lignin
INTRODUCTION
The use of eucalypt wood for paper pulp manufacture has
greatly increased during the last decades. World production has
attained 10 million tons/year, that is, near one-third of the total
hardwood pulp produced. The increasing use of eucalypt wood
includes the production of kraft pulps bleached in totally chlorine
free (TCF) sequences, using oxygen and hydrogen peroxide.
These high-quality eucalypt pulps are typically used in the
manufacture of tissue paper due to their high smoothness and
water retention properties. However, studies on eucalypt wood
lignin and its chemical modification in paper pulp manufacturing
are still scarce (1-4). More information on lignins in different
eucalypt species and their behavior during pulping and bleaching
is needed to optimize the use of this fast-growing forest crop
in paper pulp manufacture, including the development of more
efficient and environmentally sound industrial technologies.
Milled wood lignin (MWL) (5) is the reference material in
many wood lignin studies, in spite of its relatively low yield
and the existence of some chemical modifications during milling
(6). However, a consensus method for isolating residual lignin
from paper pulp does not exist nowadays. Acidolysis is widely
used for obtaining lignin from pulp (7), but degradation of
alkyl-aryl ether linkages (and an increase of the lignin phenolic
content) is inherent to this procedure (8). Enzymatic isolation
using cellulolytic enzymes that hydrolyze pulp cellulose,
enabling the recovery of lignin, represents an attractive
* To whom correspondence should be addressed. Tel: 34 918373112.
Fax: 34 915360432. E-mail: ATMartinez@cib.csic.es.
† Centro de Investigaciones Biolo´gicas, CSIC.
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alternative due to its mild nature (9), and the combination of
modified acidolysis and enzymatic isolation has also been
proposed (10). In contrast with acidolysis, which yields pure
lignin, the enzymatic lignins are contaminated with cellulases,
and purification is required. Moreover, the cellulose hydrolysis
conditions and lignin purification methods need to be optimized
for each type of pulp. Some studies on Eucalyptus globulus
pulp lignin isolated by acidolysis have been reported (3, 4), and
cellulase charge has been investigated to reduce the contamina-
tion of lignin from unbleached Eucalyptus grandis pulp (11).
However, only recently, a method for the enzymatic isolation
of residual lignin in TCF bleaching of E. globulus pulp has been
reported, including a combination of protease hydrolysis and
solvent extractions resulting in high-purity unaltered residual
lignin with a moderate yield (12, 13).
Both degradative and spectroscopic methods have been used
to investigate wood lignin structure (14). The analysis of
chemical degradation products provides information on lignin
composition in terms of its p-hydroxyphenyl (H), guaiacyl (G),
and syringyl (S) phenylpropanoid units derived from the three
p-hydroxycinnamyl alcohol precursors (15). Thermal degrada-
tion using pyrolysis-gas chromatography/mass spectrometry
(Py-GC/MS) has also been used in these studies, including
eucalypt wood and pulp lignins (16, 17). Information on wood
lignin S/G ratio and functional groups can also be obtained by
infrared spectroscopy (18).
Radical coupling in lignin biosynthesis results in a variety
of interunit linkages, often involving the propanoid side chain,
conferring high complexity to this polymer (15). From early
studies, nuclear magnetic resonance (NMR) spectroscopy
emerged as a promising technique to investigate lignin (19).
However, the variety of substructures results in overlapping of
1H NMR or 13C NMR signals. Development of two-dimensional
(2D) NMR (based on homonuclear and heteronuclear correla-
tions) provided a powerful tool for lignin analysis, since signal
overlapping is often resolved (20). Signals corresponding to the
main interunit linkages were already identified in the first 2D
NMR spectra of lignins (21, 22). The recent discovery of
dibenzodioxocin (23) and spirodienone (24) substructures
constitutes two examples of the potential of this technique for
lignin analysis. Two-dimensional NMR has been successfully
applied to wood, pulp, and technical lignins, and multidimen-
sional NMR has been developed, enabling additional resolving
of overlapping signals (25-30). In addition to the contribution
of identifying already known, or even new, structures in lignins,
multidimensional NMR can also be used for semiquantitative
analysis (31, 32).
In the present study, enzymatic residual lignins from E.
globulus pulp bleached in an industrial type TCF sequence,
MWL, and kraft lignin were analyzed by 2D NMR spectroscopy,
Fourier transform infrared (FTIR) spectroscopy, and Py-GC/
MS, to identify those structural modifications produced in the
course of the pulping and bleaching processes.
MATERIALS AND METHODS
Eucalypt Kraft Pulping.Wood from 12 to 14 year old E. globulus
trees was obtained from ENCE plantations in Pontevedra (Spain). Kraft
pulping of industrial chips was performed in a Lorentzen & Wettre
digester at 165 °C (50 min), with 3.5 liquor/wood ratio, 25% sulfidity,
and 16% active alkali. The kraft pulps obtained were disintegrated,
washed, and filtered.
TCF Bleaching. Pulp bleaching was performed in 4 L pressurized
reactors at 10% consistency. An industrial type O-O-Q-PoP sequence
was applied including (i) two oxygen stages (O) using 6 kg/cm2 O2,
1.5% NaOH, and 0.5% MgSO4 for 60 min at 98 °C; (ii) a chelation
stage (Q) using 0.3% diethylenetriamine penta-acetic acid for 60 min
at 85 °C (pH 5-6); and (iii) an alkaline peroxide stage (PoP) using
3% H2O2, 2% NaOH, 0.1% MgSO4, and 0.5% Na2Si2O3 for 140 min
at 105 °C under 6 kg/cm2 O2, followed by 180 min at 98 °C without
pressure. The above percentages referred to the pulp dry weight. The
pulps were washed after each stage.
Pulp Analyses. Pulp brightness, κ number, and intrinsic viscosity
were evaluated by standard methods (ISO 3688:1999, ISO 302:1981,
and ISO 5351/1:1981, respectively) (33). Hexenuronic acids were
estimated spectrophotometrically, and a factor of 0.086 was used to
calculate their contribution to the κ number. Pulp analyses included up
to four replicates.
Isolation of Lignins.MWL was extracted from finely milled wood,
free of extractives and hot water soluble material, using dioxane-water
(9:1), precipitated, and purified as described (5). Kraft lignin was
recovered from the pulping liquor by acid precipitation (pH 2.5).
Residual lignins were enzymatically isolated from unbleached, oxygen-
delignified (O-O), and alkaline peroxide-bleached (O-O-Q-PoP)
kraft pulps. Fifty grams of pulp (dry weight) at 5% consistency was
hydrolyzed with cellulase and -glucosidase (48 h at 50 °C), and lignins,
from both hydrolysate and residue, were purified with protease, followed
by extractions with dimethylacetamide and 0.5 M NaOH as previously
described (12). Underivatized and acetylated lignins, after 48 h of
treatment in acetic anhydride-pyridine (1:2) for hydroxyl estimation,
were analyzed as described below.
NMR Spectroscopy. NMR spectra were recorded at 25 °C in a
Bruker AVANCE 500 MHz equipped with a z-gradient triple resonance
probe. Forty milligrams of lignin was dissolved in 0.75 mL of
dimethylsulfoxide (DMSO)-d6, and 1H NMR and 2D NMR spectra,
including HSQC (heteronuclear single quantum correlation), HSQC-
TOCSY (total correlation spectroscopy), and HMBC (heteronuclear
multiple bond correlation) experiments, were recorded. The relaxation
delay for the one-dimensional (1D) 1H spectrum was 7 s (90° pulse
angle). The number of collected points was 32k. The 1D spectra were
processed using an exponential weighting function of 0.2 Hz for 1H
prior to Fourier transform. The spectral widths for the HSQC were
5000 and 13200 Hz for the 1H and 13C dimensions, respectively. For
HMBC, the 13C dimension was increased to 30000 Hz. For both HSQC
and HMBC, the number of collected complex points was 2048 for the
1H dimension with a recycle delay of 5 s. The number of transients for
the HSQC spectra was 64 (128 for HMBC), and 256 time increments
were always recorded in the 13C dimension. The J-coupling evolution
delay was set to 3.2 ms in HSQC, while for HMBC, experiments with
a 66 ms long-range J-coupling evolution time were recorded. For HSQC
experiments, a squared cosine-bell apodization function was applied
in both dimensions. Prior to Fourier transform, the data matrixes were
zero filled up to 1024 points in the 13C dimension. Residual DMSO
(from DMSO-d6) was used as a reference for chemical shifts. Two-
dimensional NMR cross-signals were assigned by combining the results
of the different experiments and comparing them with the literature
(2, 20, 25, 26, 29, 34, 35).
A semiquantitative analysis of the HSQC cross-signal intensities was
performed (25, 31). Because the cross-signal intensity depended on
the particular 1JCH value, as well as on the T2 relaxation time, a direct
analysis of the intensities was indeed impossible. Thus, the integration
of the cross-signals was performed separately for the different regions
of the HSQC spectra, which contain signals that correspond to
chemically analogous carbon-proton pairs (in similar samples). For
these signals, the 1JCH coupling value was relatively similar and was
used semiquantitatively to estimate the relative abundance of the
different species.
In the aliphatic oxygenated region, interunit linkages were estimated
from CR-HR correlations to avoid possible interference from homo-
nuclear 1H-1H couplings, and the relative abundance of side chains
involved in interunit linkages and terminal structures was calculated
(with respect to total side chains). In the aromatic region, C-H
correlations from S and G type units were used to estimate the S/G
ratio of lignin, and the percentage of oxidized units. The volume
integrals were corrected for proton numbers.
Total hydroxyls were estimated by integrating the acetyl region (1.4-
2.8 ppm) in the 1H NMR spectra of acetylated lignins and referred to
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aromatic units estimated from integration of the 6.2-7.6 ppm region
in the same spectra, taking the S/G ratio into account. Separate
integration of aliphatic (alcoholic) and aromatic (phenolic) acetates
signals (to estimate their relative percentages) was performed both in
1H NMR (1.97 and 2.23 ppm, respectively) and HSQC 2D NMR spectra
(δC/δH 20.8/1.97 and 20.5/2.23 ppm, respectively).
Infrared Spectroscopy. FTIR spectra were obtained with a Bruker
IF-28 spectrometer using 1 mg of lignin in 300 mg of KBr. A total of
50 interpherograms were accumulated, and the spectra were corrected
by baseline subtraction between valleys at 1850 and 900 cm-1.
Analytical Pyrolysis. Lignins (0.1 mg) were introduced in quartz
tubes of a CDS Pyroprobe AS-2500 autosampler. Pyrolyses were carried
out at 550 °C for 10 s, and the chamber (at 250 °C) was purged with
He. The pyrolyzer was connected to an Agilent 6890 gas chromato-
graph, fitted with an in-column injector and a 60 mm × 0.25 mm i.d.,
0.25 μm, DV-1701 fused-silica capillary column (J&W Scientific,
Folsom, CA) coupled to an Agilent 5973N mass spectrometer. The
GC oven was heated from 45 (4 min) to 280 °C at 4 °C/min and held
for 15 min. The injector and transfer line were at 250 and 280 °C,
respectively. Py-GC/MS compounds were identified (16, 17). Analyses
were carried out in quadruplicate.
RESULTS
The effect of kraft pulping and TCF bleaching on E. globulus
lignin was investigated. With this purpose, MWL from wood,
kraft lignin from pulping liquor, and residual lignins enzymati-
cally isolated from unbleached, oxygen-delignified, and peroxide-
bleached kraft pulps were compared. The κ number, hexenuronic
acid content, brightness, and intrinsic viscosity of these labora-
tory pulps are shown in Table 1. Higher brightness values (over
90% ISO) are obtained in industrial production, together with
slightly lower κ numbers and hexenuronic acid contents.
Whole NMR Spectra. The main structural characteristics of
the five lignins, including different units linked by ether and
C-C bonds (Figure 1), were revealed by the HSQC NMR
spectra (Figures 2-4) in combination with the HSQC-TOCSY
(Figure 5) and HMBC spectra (Figure 6). The main lignin
cross-signals assigned in the HSQC spectra of nonacetylated
samples are listed in Table 2.
The HSQC spectra (Figure 2) showed three regions corre-
sponding to aliphatic, oxygenated aliphatic, and aromatic 13C-
1H correlations, the two latter being described below. The
aliphatic (nonoxygenated) region showed signals of lipids, lignin
degradation products, and other unidentified compounds; there-
fore, it is not discussed in detail. In acetylated lignins, this region
also includes a strong signal of acetyl correlations, in both
alcoholic (δC/δH 20.8/1.97 ppm) and phenolic (δC/δH 20.5/2.23
ppm) acetates (Figure 2C and inset). Signals of anomeric C1-
H1 (δC/δH 102.2/4.25 ppm) correlation are indicated in Figure
2D, whereas other carbohydrate signals are mentioned below.
No cross-signals were observed in the δC 150-205 ppm region
(that is not shown in Figure 2). The HSQC spectra also showed
(i) five signals (δC/δH 19.8/1.04, 70.2/3.50, 72.6/3.43, 72.8/3.33,
and 75/3.50 ppm) assigned to poly(ethyleneoxy-propyleneoxy)
(Figure 2F) and (ii) three signals (δC/δH 21.8/1.94, 34.9/2.78,
and 37.9/2.94 ppm) corresponding to dimethylacetamide used
in lignin purification (Figure 2D).
Side-Chain Region in HSQC (and HSQC-TOCSY) NMR
Spectra. Expansions of the oxygenated aliphatic region in the
HSQC are shown in Figure 3. Cross-signals of methoxyls (δC/
δH 56.2/3.73 ppm) and side chains in -O-4′ and resinols
substructures were the most prominent, together with some
carbohydrate cross-signals.
The main signals corresponded to -O-4′ (A) CR-HR and
C-H correlations, and resinol (B) CR-HR, C-H, and double
Cγ-Hγ correlations (Figure 3). The resinol and phenylcoumaran
C-H cross-signals are included together with the oxygenated
aliphatic ones because of their proximity. The above assign-
ments, and the two -O-4′ Cγ-Hγ cross-signals that in the
HSQC spectra overlapped with related signals, were confirmed
in HSQC-TOCSY experiments that showed a set of 1H-1H
correlations (Figure 5). C-H correlations in -O-4′ sub-
structures gave different cross-signals if the second unit was
an S or G unit (Figure 3). Moreover, C-H correlations
corresponding to the erythro and threo forms of the S type
-O-4′ substructure could be observed (at δC/δH 86.4/4.11
and 87.3/4.01 ppm, respectively).
Signals of phenylcoumaran (C) CR-HR, C-H, and Cγ-
Hγ correlations, -1′ (D) C-H correlations, and -O-4′ with
a CR carbonyl (E) C-H and Cγ-Hγ correlations were also
detected (Figure 3), although with much lower intensities than
those from normal (CR-hydroxylated) -O-4′ and resinol
substructures. Cross-signals of lignin terminal structures included
(i) C-H correlation in a -O-4′ substructure that was
tentatively identified as bearing a carboxyl group in CR′ (F),
(ii) p-hydroxycinnamyl (I) Cγ-Hγ correlation, and (iii) CR-
HR correlation in an oxidized unit that was tentatively identified
Table 1. Main Characteristics of Unbleached Kraft Pulp,
Oxygen-Delignified (O−O) Pulp, and TCF-Bleached (O−O−Q−PoP)
Pulp from E. globulus
pulp
kraft O−O O−O−Q−PoP
κ number 14.2 10.5 6.7
hexenuronic acid content
(mequiv/kg)
45.9 44.7 38.4
brightness (% ISO) 41.2 55.5 87.9
intrinsic viscosity (mL/g) 1188 997 758
Table 2. Assignment of Main Lignin 13C−1H Cross-Signals in the
HSQC Spectra of Eucalypt MWL, Kraft Lignin, and Pulp Residual
Lignins Shown in Figures 2−4 (Nonacetylated Samples)
δC/δH (ppm) assignment
53.7/3.42 C−H in phenylcoumaran substructures (C)
54.1/3.04 C−H in resinol substructures (B)
55.6/2.75 C−H in -1′ substructures (D)
60.1/3.40 and 3.70 Cγ−Hγ in −O−4′ substructures (A)
61.9/4.09 Cγ−Hγ in p-hydroxycinnamyl alcohol (I)
63.3/4.23 Cγ−Hγ in −O−4′ with CRdO (E)
68.0/4.26 Cγ−Hγ in −O−4′ with Cγ etherified with
carbohydrate (L)
71.4/4.75 CR−HR in −O−4′ linked to a G type unit (A)
71.7/3.81 and 4.17 Cγ−Hγ in resinol substructures (B)
72.6/4.88 CR−HR in −O−4′ linked to a S type unit (A)
74.3/4.36 CR−HR in Ar−CHOH−COOH units (J)
83.0/4.54 C−H in −O−4′ with a CR′ carboxyl (F)
83.1/4.61 CR−HR in −O−4′ CR-etherified with
carbohydrate (K)
84.0/5.23 C−H in −O−4′ with CRdO (E)
84.1/4.29 C−H in −O−4′ linked to a G type unit (A)
85.4/4.64 CR−HR in resinol substructures (B)
86.4−87.3/4.01−4.11a C−H in −O−4′ linked to a S type unit (A)
87.5/5.46 CR−HR in phenylcoumaran substructures (C)
104.7/6.69 C2,6−H2,6 in S units (S)
106.7/7.32 C2,6−H2,6 in oxidized (CRdO) S units (S′)
107.3/7.22 C2,6−H2,6 in oxidized (CROOH) S units (S′′)
111.7/6.99 C2−H2 in G units (G)
115.4/6.72 and 6.94 C5−H5 in G units (G)
119.6/6.81 C6−H6 in G units (G)
a Include C−H signals, at δC/δH 86.4/4.11 and 87.3/4.01 ppm, corresponding,
respectively, to the erythro and threo forms of side chains −O−4′-linked to an S
unit.
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as bearing a carboxyl group in C (J). Carbohydrate-related
signals included (i) CR-HR and Cγ-Hγ correlations in -O-
4′ substructures that are CR-etherified (K) and Cγ-etherified (L)
with carbohydrate and (ii) C2-H2 (δC/δH 73.5/3.01 ppm), C3-
H3 (δC/δH 75.3/3.32 ppm), C4-H4 (δC/δH 75.3/3.49 ppm), and
C5-H5 (δC/δH 63.4/3.20 and 3.67 ppm) correlations in xylan
chains (M), whose C1-H1 cross-signal is indicated in Figure
2D, together with a set of unidentified cross-signals in the δC/
Figure 1. Main structures identified in eucalypt lignin: A, −O−4′; B, resinols with −′, R−O−γ′, and γ−O−R′ linkages; C, phenylcoumaran with
R−O−4′ and −O−5′ linkages; D, -1′; E, CR-oxidized −O−4′; F, terminal −O−4′ with a CR′ carboxyl; G, guaiacyl unit; I, p-hydroxycinnamyl alcohol
terminal unit; J, terminal unit with a C carboxyl; K, −O−4′ substructure CR ether-linked to carbohydrate (R, carbohydrate; R′, H); L, −O−4′ substructure
Cγ ether-linked to carbohydrate (R, H; R′, carbohydrate); M, xylan (R, carbohydrate linked to lignin, e.g., in K or L); N, free (R, H) or esterified fatty acids;
S, S unit; S′, oxidized S unit with a CR ketone (phenolic); and S′′, oxidized S unit with a carboxyl in CR (only those side-chain structures with an HSQC
relative abundance >1% are shown).
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δH 67-75/3.0-3.8 ppm region that could correspond to hexose
units in carbohydrates.
Aromatic Region in HSQC (and HSQC-TOCSY) NMR
Spectra. Expansions of the unsaturated region of the HSQC
spectra are shown in Figure 4. The main cross-signals cor-
responded to the aromatic rings of lignin units. In S units, only
C2 and C6 are protonated resulting in a unique and large signal.
By contrast, different cross-signals were assigned to G units
C2-H2, C5-H5, and C6-H6 correlations.
Some minor signals (δC/δH 125.7/7.79 and 8.05 and 128.8/
7.24 ppm) could correspond to olefinic correlations in stilbene
type structures, but their assignment was not confirmed. Low
intensity (and broad) cross-signals with δC/δH 109.5/6.94 and
110.9/6.65 ppm could correspond, respectively, to C2-H2 and
C6-H6 correlations in unit A of 5-O-4′ structures, but they
were not definitively assigned. The two cross-signals with δC/
δH 115.4/6.63 and 130.5/7.03 ppm, the former overlapping with
C5-H5 in G units, corresponded to C2,6-H2,6 and C3,4-H3,4
Figure 2. Total HSQC 2D NMR spectra, δC/δH 0−135/0−9 ppm: (A) MWL, (B) kraft lignin, (C) acetylated kraft lignin, (D) residual lignin from unbleached
eucalypt kraft pulp, (E) residual lignin from oxygen-delignified kraft pulp, and (F) residual lignin from TCF-bleached kraft pulp. The aliphatic, oxygenated
aliphatic, and aromatic regions are observed. Cross-signals of the residual DMSO, anomeric carbon of xylan (M1), and contaminating dimethylacetamide
(DMAC) and poly(ethyleneoxy-propyleneoxy) (PP) are indicated in A, D, and F (and also present in other samples). The inset in C shows a detail of the
acetyl region (δC/δH 18−23/1.9−2.4 ppm) at lower intensity, enabling identification of the alcoholic and phenolic acetate cross-signals.
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correlations in lignin H units or protein tyrosine residues, as
confirmed by their crossed correlation (δC/δH 130.5/6.63 ppm)
in the HSQC-TOCSY spectrum (Figure 5A).
Signals assigned to C2,6-H2,6 correlation in CR-oxidized S
units (S′ and S′′) were found in the HSQC spectra. Two small
signals with δC/δH 111/7.5 and 124/7.5 ppm could correspond
to similar C2-H2 and C6-H6 correlations in G units, but their
assignment was not confirmed. The nature of the above oxidized
units was revealed by the HMBC experiments.
HMBC NMR Spectra. The HMBC spectra of MWL and
residual lignin from oxygen-delignified and TCF-bleached pulps
are shown (Figure 6), and a list of the most significant lignin
cross-signals is shown in Table 3. The whole spectra (Figure
6A,D,G, respectively) showed different signals, including
Figure 3. Expanded side-chain region of the HSQC spectra: (A) MWL, (B) kraft lignin, (C) acetylated kraft lignin, (D) residual lignin from unbleached
eucalypt kraft pulp, (E) residual lignin from oxygen-delignified kraft pulp, and (F) residual lignin from TCF-bleached kraft pulp (δC/δH 50−95/2.6−5.6 ppm;
except δC/δH 50−95/3−6 ppm in C). Figure 1 shows the different structures identified. Cross-signals of methoxyls (MeO) are also shown. Four cross-
signals assigned to contaminating poly(ethyleneoxy-propyleneoxy) (PP), one of them overlapping with M4, are indicated in F (and also present in D
and E).
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correlations between alkyl protons (at 1.8-2.2 ppm) and
carboxyl carbons (at 170-175 ppm) assigned to free/esterified
fatty acids (N). However, the most interesting information was
found in the expanded δH 6-8 ppm region (Figure 6B,E,H).
This region showed the correlations between H2,6 in normal
(6.69 ppm) and oxidized (7.22-7.32 ppm) S units (whose
HSQC cross-signals are shown in Figure 6C,F,I) and C1, C2,6,
C3,5, and C4 situated at 1-2 C-bond distance. Moreover,
correlations with hydroxylated CR (in -O-4′ substructures),
CRdO, and CROOH were found in the HMBC spectra of MWL
and residual lignins from oxygen-delignified and TCF-bleached
pulps, respectively (S, S′, and S′′ structures).
Some of the above H2,6 correlations indicated that the CRd
O S units were basically phenolic (C3,5 correlation at 148 ppm),
whereas the normal and CROOH S units were etherified (C3,5
correlation at 152 ppm). C3,5 in etherified and phenolic S units
also correlated with the protons of their methoxy substituents
with δC/δH 152/3.7 and 148/3.8 ppm, respectively, although the
latter cross-signal also included C3-HMeO correlations in minor
G units. Signals of aromatic quaternary carbons were also found
Figure 4. Expanded aromatic region of the HSQC spectra, δC/δH 90−135/5.5−8.5 ppm: (A) MWL, (B) kraft lignin, (C) acetylated kraft lignin, (D) residual
lignin from unbleached eucalypt kraft pulp, (E) residual lignin from oxygen-delignified kraft pulp, and (F) residual lignin from TCF-bleached kraft pulp.
Figure 1 shows the different structures identified. Cross-signals for contaminant protein (Pr) are indicated in F (and are also present in E).
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in 13C NMR spectra (not shown) with δC 152 (C3,5 in etherified
S units) and 148 ppm (C3,5 in phenolic S units, together with
C3,4 in G units).
NMR Spectra of Acetylated Lignins. The same side-chain
cross-signals described for underivatized lignins were observed
in the HSQC spectra of acetylated lignins, although their position
was affected (Figure 3C). The main δC difference corresponded
to C-H correlation in -O-4′ substructures (δC/δH 80.5/
4.65 ppm), and the main δH difference was that of CR-HR
correlation in the same substructures (δC/δH 74.5/5.91 ppm),
whereas the resinol cross-signals were affected in a minor extent
(CR-HR, C-H, and Cγ-Hγ correlations with δC/δH 85.4/4.67,
54.1/3.13, and 71.7/3.9 and 4.23 ppm, respectively) since no
free hydroxyls are present in the side chains of these substruc-
tures. Acetylation also caused a strong change of the aromatic
C5-H5 correlation (δC/δH 123.0/7.02 ppm) in G units (Figure
4C). However, no modifications were observed in the HSQC
cross-signals of S units since the two protonated carbons are
meta to C4 where phenol acetylation is taking place.
The amount of hydroxyls per lignin unit, estimated from 1H
NMR spectra (not shown), varied from 1.7 in kraft lignin to
3.6 in oxygen-delignified lignin, with values around 2 hydroxyls/
unit in the other lignin samples. The phenolic and alcoholic
acetate signals were better separately integrated in the HSQC
spectra (Figure 2C, inset) resulting in percentages of phenolic
hydroxyls that varied from 8% in the oxygen-delignified pulp
lignin to 83% in kraft lignin. From these values, a percentage
of phenolic units around 25-35% was estimated for MWL and
pulp lignins, whereas kraft lignin showed around one hydroxyl
group per aromatic ring, as average.
FTIR Spectra. All of the infrared spectra showed typical
lignin patterns including the triplet at 1504-1422 and the 1594-
1609 cm-1 band due to aromatic ring vibrations. The FTIR
spectra showed a higher intensity of bands assigned to (i)
aromatic ring breathing in S units (1326-1330 cm-1 band) than
in G units (1263-1270 cm-1 shoulder), (ii) aromatic in-plane
bending in S units (1114-1126 cm-1) than in G units (1032-
1033 cm-1), and (iii) out-of-plane C-H bending in S units
(833-836 cm-1) than in G units (913-916 cm-1). Bands around
1660 and at 1714-1725 cm-1 were assigned to stretching of
carbonyls conjugated and unconjugated with the aromatic ring,
respectively, although the former can also be due to amide
carbonyl stretching, and the second one to carboxyl groups.
Bands of aliphatic (1740 cm-1) and phenolic acetates (1770
cm-1) were found in the spectra of acetylated lignins. The band
around 1510 cm-1 decreased with acetylation suggesting that
it includes phenolic units.
Analytical Pyrolysis. Two representative pyrograms are
shown in Figure 7. Assignment and molar relative abundances
of the main peaks, all of them derived from lignin, are included
in Table 4. They corresponded to guaiacol (peak 1) and syringol
(peak 4) and their methyl (peaks 2 and 6), ethyl (peak 10), vinyl
(peaks 3 and 12), propenyl (peaks 5, 15, and 17), propine (peaks
8 and 16), and allyl derivatives (peak 14). Syringol and
4-vinylsyringol were the major products from most samples.
Aromatic (G and S type) aldehydes (peaks 7, 9, 18, and 19),
ketones (peaks 11, 13, 21, 23, and 24), and methyl esters (peak
20) were also identified, as well as cinnamic type aldehydes
(peaks 22 and 26) and alcohols (peak 25). Table 4 also shows
the molar S/G ratios and percentages of oxidized (C6-CdO)
and shortened (C6-C0-1) side chain Py-GC/MS products.
Some H type compounds, such as phenol and 4-methylphenol,
were detected in kraft (around 0.2% of total) and residual lignins
(around 0.5% in lignins from oxygen-delignified and TCF pulps
and lower amounts in unbleached kraft pulp lignin) being nearly
absent from MWL (0.1% of total). These compounds in the
residual lignin pyrograms were accompanied by similar amounts
of indole and 3-methylindole from protein tryptophan residues
(see Figure 7B).
DISCUSSION
Eucalypt Wood Lignin. The first structural models for
spruce, pine, or beech lignins were established near 40 years
ago (8); however, eucalypt lignin has been investigated in much
lesser detail despite the increasing use of this wood as a raw
material in paper manufacturing.
The E. globulus wood lignin was characterized by a high
abundance of S units and a near complete absence of H units.
The molar S/G ratio from Py-GC/MS (and HSQC NMR) of E.
globulusMWL was estimated to be around 3. Its FTIR spectrum
only showed a 1270 cm-1 shoulder as compared with the intense
band at 1330 cm-1. The high S/G ratio of lignin in E. globulus
wood has been related to its easier pulping (16). Its phenolic
content was in the same order of MWL from other hardwoods
(36) and a little higher than reported previously for E. globulus
(3).
A characteristic of the E. globulus lignin is the high
predominance of -O-4′ interunit linkages, whose abundance
Figure 5. HSQC−TOCSY of residual lignin from oxygen-delignified eucalypt kraft pulp: (A) total spectrum, δC/δH 0−135/0−9 ppm, and (B) expanded
oxygenated aliphatic region, δC/δH 50−95/2.6−5.6 ppm, showing 1H−1H correlations of HR (RR, R, Rγ1, and Rγ2), H (R, , γ1, and γ2), and
Hγ (γR, γ, γ1γ2, and γ2γ1) that confirmed the identification of the side-chain cross-signals (a rectangle in A indicates the region expanded in B).
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in MWL was estimated as 79% of side chains (including 2%
of CRdO substructures), followed by resinol (16%) and small
percentages of phenylcoumaran (2%) and -1′ linkages (2%),
together with a low percentage (1%) of p-hydroxycinnamyl
alcohol terminal structures. As mentioned by Heikkinen et al.
(31), the cross-signal intensity in HSQC experiments is related
to sin2(πΔ/1JCH), where Δ is the time for evolution of the
heteronuclear coupling constants. Therefore, because the above
semiquantitative analysis was focused on similar carbon-proton
pairs in analogous samples, which should also have both similar
T2 relaxation times and 1JCH values (32), the maximum error
in integrations could be less than 10%. For a detailed discussion
on quantitative HSQC NMR of polymers, see Zhang and
Gellerstedt (32).
An erythro/threo ratio of 8.3 was calculated for the S type
-O-4′ substructures in agreement with the tendency of S units
to favor the erythro isomer (37). In contrast, a near 1:1 ratio
has been reported in softwood lignin (25). Taking into account
the high S/G ratio of E. globulus lignin, syringaresinol will be
the main resinol type substructure (together with some pinores-
Figure 6. Total HMBC spectra (left) and expanded δH 6−8 ppm region of HMBC (right, top) and HSQC (right, bottom) spectra: (A−C) MWL, (D−F)
residual lignin from oxygen-delignified eucalypt kraft pulp, and (G−I) residual lignin from TCF-bleached kraft pulp (rectangles indicate the regions expanded).
C2,6−H2,6 cross-signals corresponding to oxidized (δC/δH 107/7.3 ppm) and nonoxidized S units (δC/δH 105/6.7 ppm) are shown in the HSQC spectra (C,
F, and I). The expanded HMBC spectra revealed different multiple-bond 13C−1H correlations between H2,6 and different carbons in the oxidized and
nonoxidized units (lines in B, E, and H). Cross-signals of methoxyls, lipids, and contaminating dimethylacetamide, including proton to amide carbon
correlation (DMACCON), and poly(ethyleneoxy-propyleneoxy) (PP) are also shown in the whole HMBC spectra.
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inol and mixed S-G structure). In the same sense, the
p-hydroxycinnamyl alcohol terminal structures probably cor-
responded to C4-etherified sinapyl alcohol. The absence of CR-
HR and C-H cross-signals has been explained by the lower
sensitivity of 2D NMR olefinic signals (26). Coniferyl alcohol
has been reported in softwood MWL based on the Cγ-Hγ
correlation signal (25). Spirodienones, described in lignin (24),
have been detected in MWL from five eucalypt species
(unpublished), with CR-HR, C-H, C2-H2, and C6-H6 cross-
signals at δC/δH 81.8/5.08, 60.4/2.73, 107.4/6.33, and 114.4/
6.25 ppm, respectively, but their abundance was low in E.
globulus.
The above results differ from those recently reported for E.
grandisMWL (2) that included a S/G ratio of 1.7 and only 3%
of units bond by resinol type linkages. However, a higher resinol
content (13% units) has been reported for E. globulus dioxane
lignin, although with a higher S/G ratio of 6 (1). A small
percentage of H units has been reported in eucalypt lignin (1,
2); however, we failed to confirm it in E. globulusMWL, where
the amount of H units from Py-GC/MS was around 0.1%.
Modifications of Eucalypt Lignin during Pulping. Kraft
pulping is the most common wood pulping method, and the
modifications in lignin have been investigated in detail (38)
including kraft pulping of eucalypt wood (4). Residual lignin
from the unbleached kraft pulp and kraft lignin from the pulping
liquor were analyzed after E. globulus wood pulping. As already
reported, the yield of enzymatic residual lignin from eucalypt
pulps was relatively low, attaining 30% in unbleached kraft pulp
and even lower values in bleached pulps (12), but the lignins
obtained exhibited high purity and maintained its unaltered
chemical structure (13).
A preferential solubilization of S-rich lignin was produced
during pulping, as shown by the high (over 5) S/G ratio of kraft
lignin estimated by Py-GC/MS (and HSQC NMR). However,
the lignin S/G ratio in kraft pulp was only slightly modified
with respect to MWL, suggesting the release of simple (non-
precipitable) G type compounds during pulping. Topological
reasons, related to lignin distribution in wood tissues and cell
wall layers, could affect lignin attack in addition to the different
reactivities of its aromatic units.
Lignin interunit linkages were affected by kraft pulping. In
the kraft pulp lignin, a certain decrease of side chain HSQC
cross-signals was observed, but their relative abundance was
not strongly modified (77% -O-4′, 18% resinol, and 1%
phenylcoumaran side chains). This contrasted with the enrich-
ment in -O-4′ substructures reported for eucalypt pulp
residual lignin (4). Signals with δC/δH 51/3.1 ppm could
correspond to unidentified -′ substructures found in eucalypt
wood and pulp lignin (1, 39). On the other hand, the decrease
of side-chain linkages was very significant in kraft lignin, and
Table 3. Assignment of Lignin 13C−1H Cross-Signals Involving
Quaternary Carbons in the HMBC Spectra of Eucalypt MWL and Pulp
Residual Lignins Shown in Figure 6
δC/δH (ppm) assignment
127.1/7.19 C1−H2,6 in oxidized (CROOH) S units (S′′)
127.1/7.32 C1−H2,6 in oxidized (CRdO) S units (S′)
134.7/6.69 C1−H2,6 in S units (S)
138.4/6.69 C4−H2,6 in S units (S)
140.7/7.19 C4−H2,6 in oxidized (CROOH) S units (S′′)
141.5/7.32 C4−H2,6 in oxidized (CRdO) S units (S′)
148.0/7.32 C3,5−H2,6 in oxidized (CRdO) S units (phenolic) (S′)
152.5/6.69 C3,5−H2,6 in etherified S units (S)
152.5/7.19 C3,5−H2,6 in oxidized (CROOH) S units (etherified) (S′′)
167.3/7.19 Ccarboxyl−H2,6 in oxidized (CROOH) S units (S′′)
197.9/7.32 Ccarbonyl−H2,6 in oxidized (CRdO) S units (S′)
Figure 7. Py-GC/MS, 20−60 min chromatograms: (A) kraft lignin and
(B) residual lignin from TCF-bleached kraft pulp. See Table 4 for
identification of the main Py-GC/MS peaks. Minor peaks corresponding
to phenol, 4-methylphenol, indole, and 3-methyl indole (left to right) are
indicated with asterisks.
Table 4. Py-GC/MS of Eucalypt MWL, Kraft Lignin, and Residual
Lignins from Kraft, Oxygen-Delignified (O−O), and TCF-Bleached
(O−O−Q−PoP) Pulps (S/G Ratios and Percentages of Oxidized and
Short Side-Chain Products Are Also Shown)a
MWL
kraft
lignin
kraft pulp
lignin
O−O
lignin
O−O−Q−PoP
lignin
1. guaiacol 3.7 3.9 6.1 6.5 3.8
2. 4-methylguaiacol 2.4 3.7 1.7 1.8 1.5
3. 4-vinylguaiacol 7.7 3.4 6.2 6.3 5.9
4. syringol 12.2 23.7 18.4 19.3 13.8
5. t-isoeugenol 1.9 1.1 3.3 3.2 2.5
6. 4-methylsyringol 7.2 16.7 4.8 4.9 6.0
7. vanillin 1.0 1.4 1.0 1.4 0.8
8. 4-propineguaiacol 1.7 0.0 1.1 0.5 1.0
9. homovanillin 1.3 0.0 0.2 0.1 0.0
10. 4-ethylsyringol 2.5 6.5 1.4 1.9 1.3
11. acetoguaiacone 1.0 1.0 0.8 0.9 0.5
12. 4-vinylsyringol 18.0 10.5 14.5 14.2 18.4
13. guaiacylacetone 0.8 0.7 1.5 1.8 1.4
14. 4-allylsyringol 1.5 1.9 2.2 2.4 2.6
15. c-4-propenylsyringol 1.0 1.0 1.3 1.6 1.5
16. 4-propinesyringol 5.5 1.9 7.7 3.2 8.5
17. t-4-propenylsyringol 7.4 4.0 8.8 9.7 10.2
18. syringaldehyde 3.7 6.8 3.0 3.4 2.8
19. homosyringaldehyde 2.8 0.8 0.1 0.1 0.0
20. methyl syringate 0.2 0.4 0.5 0.8 1.3
21. acetosyringone 3.7 5.7 2.6 2.6 2.1
22. t-coniferaldeyde 1.0 0.0 0.0 0.0 0.0
23. syringylacetone 3.0 2.3 5.1 6.6 6.3
24. propiosyringone 0.7 0.9 0.5 0.5 0.3
25. t-sinapyl alcohol 1.3 0.0 0.0 0.0 0.0
26. t-sinapaldehyde 5.3 0.0 3.4 2.7 4.0
S/G ratio 3.2 5.2 3.0 3.0 3.9
C6−CdO (%)b 18.6 20.6 16.4 19.4 16.8
C6−C0-1 (%)c 34.1 57.4 36.1 38.7 30.6
a Mean molar abundances of main Py-GC/MS marker compounds (attaining
1% in at least one sample). b Percentage of oxidized compounds bearing a carboxyl/
carbonyl group. c Percentage of compounds bearing a side chain of only 0−1 C
atoms.
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the corresponding cross-signals showed very low intensities.
Moreover, the relative abundance of the surviving interunit
bonds was dramatically modified, resulting in a high percentage
of resinol linkages (77% side chains) whereas the -O-4′
percentage was comparatively low (only 15%). The ratio
between resinol and -O-4′ substructures in this lignin was
higher than reported for other kraft lignins (25, 26), a fact that
could be related to differences in the kraft lignin isolation
method in addition to differences in cooking and raw material
characteristics. Py-GC/MS confirmed the extensive removal of
side chains in kraft lignin, as shown by the high percentage
(57%) of lignin breakdown products with shortened chains, as
compared with MWL (34%). Sinapyl and coniferyl alcohols
and aldehydes, which were among the main Py-GC/MS
breakdown products from MWL, in accordance with the
literature (40), were absent from the kraft lignin pyrograms.
HSQC cross-signals of new terminal structures appeared after
kraft pulping. C-oxidized terminal structures (Ar-CHOH-
COOH) were tentatively assigned in the HSQC spectra of both
lignins, representing 2% of side chains in kraft pulp residual
lignin and up to 8% in kraft lignin due to destruction of other
side chains. Similar aromatic hydroxyacids had been reported
in pine kraft lignin as intermediates in side-chain degradation
(26), and a signal with the same δC/δH was found in preliminary
characterization of eucalypt kraft lignin (29). Moreover, some
increase of sinapyl alcohol substructures was observed in kraft
pulp lignin (2%), in agreement with the formation of these
structures during pulping (26). In addition to the above
C-oxidized structures, frequent CR oxidation in kraft lignin was
suggested by the C2,6-H2,6 correlation signals in S units
discussed in the next section.
The extensive breakdown of -O-4′ linkages during pulp-
ing, together with eventual demethoxylation or hydroxylation,
resulted in a very high phenolic content of kraft lignin (4), as
compared with MWL where etherified units were predominant.
This agreed with the high intensity of the 1770 cm-1 band of
aromatic acetates in the FTIR spectrum of acetylated samples
(18). In pulp lignin, over 35% units were phenolic, a percentage
lower than reported for acidolysis lignin from eucalypt pulp
with a similar degree of delignification (4). The relative
percentage of aliphatic hydroxyls strongly decreased in the kraft
lignin, as compared with MWL, in agreement with side-chain
removal and eventual demethoxylation.
As shown by the whole spectra, an increased amount of
aliphatic structures was produced in pulp lignin, the aliphatic
nonoxygenated region (DMSO signal excluded) representing
16% of the total HSQC signals in kraft pulp lignin and only
8% in MWL and kraft lignin. The HMBC spectrum showed
the presence of fatty acids that were not detected in MWL, in
agreement with reports suggesting lipid incorporation into kraft
pulp lignin (4). Whereas the kraft lignin (and MWL) HSQC
spectra were basically depleted of carbohydrate correlations,
intense cross-signals assigned to xylan (25) were found in the
kraft pulp lignin. In fact, this preparation seems to be a lignin-
carbohydrate complex, containing glucose and xylose and lower
amounts of arabinose and galactose units (unpublished results).
Xylan and unassigned glucan cross-signals were present,
together with those of -O-4′ substructures CR/Cγ-etherified
to carbohydrate (most probably hexopyranose units linked to
the main xylan) (41). A small percentage of direct xylan-lignin
linkages was suggested by a very minor cross-signal with δC/
δH 102.2/4.92 ppm, assigned to xylose C1 forming a glycosidic
type linkage with a phenolic hydroxyl (42). Carbohydrate cross-
signals have been found in spectra of other residual lignins,
being assigned to pentose and hexose units (3, 25, 28). A
contaminant identified as poly(ethyleneoxy-propyleneoxy) was
found in all of the pulp residual lignins but was absent from
MWL and kraft lignin, suggesting that it originated from
material used in solvent purification of lignins. The same
contaminant has been reported in spruce pulp residual lignin
(25).
Effect of Oxygen on Eucalypt Pulp Lignin. Oxygen
delignification was introduced in the 1970s for manufacturing
both elementary chlorine free (ECF) and TCF pulps. There is
abundant literature on the effect of oxygen on the lignin in pulps
from different woods (43) including eucalypt wood (3).
HSQC NMR suggested a decrease of lignin S/G ratio by
oxygen, but this was not confirmed by Py-GC/MS. The intensity
of side-chain signals and the relative abundance of interunit
linkages were similar to those found in the unbleached kraft
pulp lignin (78% -O-4′, 15% resinol, and 1% phenylcou-
maran). Terminal sinapyl alcohol (4%) and putative Ar-
CHOH-COOH (2%) structures were also observed. In this
sense, it has been reported that oxygen mainly acts on superficial
pulp lignin, total lignin maintaining most of its structural features
(44).
Oxygen delignification resulted in an increase of oxidized S
units (estimated from the aromatic C2,6-H2,6 cross-signal). This
agreed with the increased amount of oxidized lignin markers
after Py-GC/MS. Oxidized G units have been detected in pine
pulp residual lignin from similar C2-H2 and C6-H6 correlation
signals (26, 30). HMBC correlations between the aromatic H2,6
and side-chain carbons demonstrated that the oxidized S units
presented a CR carbonyl group (δC 197.9 ppm), whereas the
normal S units had a hydroxylated CR in a -O-4′ substructure
(δC 72.3 ppm). Moreover, its characteristic δC indicated that
the conjugated carbonyl in lignin from the oxygen-delignified
eucalypt pulp was a ketone group. CR ketones in -O-4′
substructures (2, 39) were found in the eucalypt MWL, but the
absence of a cross-signal with δC/δH 83/4.5 ppm showed that
similar structures in oxygen-delignified pulp residual lignin did
not present a C ether linkage, most probably because of alkaline
breakdown (25). Moreover, the HMBC correlation between H2,6
and C3,5 in S units showed that most normal units were C4-
etherified (δC/δH 152/6.7 ppm) whereas the CRdO units were
predominantly phenolic (δC/δH 148/7.3 ppm). Therefore, sy-
ringone type structures (HO-S-CO-R) were identified in the
E. globulus pulp lignin after oxygen delignification.
It is generally accepted that the action of oxygen on lignin
focuses on the phenolic units, resulting in ring opening and
muconic acid formation, although the latter compounds are often
present in minor amounts due to their high reactivity (45).
However, the residual lignin from oxygen-delignified eucalypt
pulp still contained near 30% phenolic units (a percentage lower
than found in unbleached kraft pulp), and muconic acid
formation could not be demonstrated. This indicated that lack
of phenolic structures is not the limiting factor in oxygen
bleaching of eucalypt kraft pulp, as found also for other pulp
types (46).
It has been reported that oxygen delignification of softwood
pulp resulted in residual lignin enriched in H units (46). When
lignin was analyzed directly in the pulp (47), the increase could
be due to higher recalcitrance of H units (46) but it has also
been related to polysaccharide oxidation products (48). When
enzymatically isolated lignins were analyzed (46), the supposed
enrichment is probably due to protein contamination, since
tyrosine residues and lignin H units are difficult to distinguish
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by 2D NMR (same C3,5-H3,5 and C2,6-H2,6 correlations) and
yield similar Py-GC/MS products.
An increase of aliphatic cross-signals was observed in the
whole HSQC spectrum of residual lignin after oxygen treatment,
the aliphatic nonoxygenated region representing more than 25%
of the total HSQC signals, as compared with 16% in unbleached
kraft pulp lignin. This could be due to alkyl structures in
degraded lignin and fatty acids (49), whose presence was
confirmed by HMBC. The relative intensity of xylan cross-
signals in the HSQC spectra increased after oxygen delignifi-
cation, as compared with the unbleached kraft pulp lignin.
Effect of Alkaline Hydrogen Peroxide on Eucalypt Pulp
Lignin. Hydrogen peroxide is a common bleaching agent in
industrial TCF processes, often in combination with oxygen
delignification. The chemistry of peroxide bleaching has been
described, including its effect on pulp lignin (43).
In contrast to that observed in oxygen delignification, peroxide
bleaching caused a slight increase of the lignin S/G ratio and
modified the relative abundances of interunit linkages and
terminal structures. In particular, the resinol amount was lowered
to only 6% side chains (against 15% in residual lignin from
oxygen-delignified pulp) and that of -O-4′ substructures
increased to a value similar to that found in MWL (81% of
side chains) whereas 3% phenylcoumaran side chains were
found. The erythro/threo ratio of -O-4′ side chains decreased
from 8.3 in MWL to 6.9 in the bleached pulp, in accordance
with the tendency reported in the literature (25). In the HSQC
spectrum of the final pulp residual lignin, -O-4′ substructures
with a CR′OOH second unit (4% side chains) were tentatively
identified (25, 29). Other structures identified in unbleached and
oxygen-delignified pulp lignins were still present in the final
pulp lignin (1% sinapyl alcohol and 4% Ar-CHOH-COOH).
A very small cross-signal with δC/δH 80.2/5.49 ppm in the
HSQC spectrum of the residual lignin from the final pulp would
correspond to CR-HR correlation in R-O-4′/-O-4′ sub-
structures (27). Noncyclic R-O-4′ structures were reported to
be below the NMR detection limits in MWL from E. globulus
(2), but they were found in low amount (0.23% units) in E.
globulus wood dioxane lignin (1). An unidentified aromatic
signal with δC/δH 108.9/6.71 ppm was found in the lignin
isolated after the peroxide treatment of pulp. Removal of
aromatic ring-conjugated ketones by alkaline peroxide will
contribute to pulp bleaching, since they act as chromophoric
groups. In contrast, the abundance of terminal structures with
conjugated and nonconjugated carboxyls increased. The former
was identified by the characteristic δC 167.3 ppm HMBC
correlation.
The residual lignin from peroxide-bleached pulp included
some contaminating protein. This resulted in four main cross-
signals in the HSQC aromatic region (one of them overlapping
with C5-H5 cross-signal in G units) and several small signals,
as reported for enzymatic lignin from peroxide-bleached pine
pulp (28). This contamination was confirmed by protein markers
(indole and 3-methylindole) after Py-GC/MS (12). It most
probably originated from the cellulase used in lignin isolation,
a fact supported by the HMQC spectrum of this enzyme (30).
Taking into account the tryptophan plus tyrosine content of
cellulase (50), a maximal protein content of 15% could be
estimated by Py-GC/MS, in agreement with an 1-2% N content.
However, this protein did not hamper 2D NMR analysis of
residual lignins since no overlapping with the most informative
cross-signals was produced (30) and it could be detected by
Py-GC/MS (13).
The aliphatic nonoxygenated region showed nearly the same
intensity (23% of total HSQC signals) than in the residual lignin
from oxygen-delignified pulp (25%). However, the relative
intensities of the xylan cross-signals decreased, and those
assigned to lignin-carbohydrate benzyl-ether linkages were
nearly absent from the residual lignin of the final pulp. Partial
breakdown of the above linkages has been reported during
treatment of pine kraft pulp with hydrogen peroxide in the
presence of manganese complexes (28).
The E. globulus wood lignin, as revealed by MWL analysis,
is a basically linear polymer mainly constituted by -O-4′
and syringaresinol substructures. Pulping caused partial degrada-
tion of lignin unit side chains resulting in depolymerization and
solubilization of strongly phenolic kraft lignin with a high
predominance of resinol type side chain linkages. The alteration
degree of residual lignin in pulp increased during oxygen
delignification. The presence of CR ketones in phenolic units
surviving oxygen treatment was shown by HSQC and HMBC
NMR. These and other chromophoric groups were partially
removed in the hydrogen peroxide stage (P), whereas conjugated
and nonconjugated carboxyls were still present in the final pulp
residual lignin. In this way, a brightness near 88% ISO, with a
κ number of 3.4 (after hexenuronic acid deduction), was attained
in the TCF-bleached pulp.
ABBREVIATIONS USED
DMSO, dimethylsulfoxide; ECF, elementary chlorine free;
FTIR, Fourier transform infrared; G, guaiacyl; HMBC, hetero-
nuclear multiple bond correlation; HSQC, heteronuclear single
quantum correlation; MWL, milled wood lignin; NMR, nuclear
magnetic resonance; O, oxygen stage; P, hydrogen peroxide
stage; Po, hydrogen peroxide stage under pressurized oxygen;
Py-GC/MS, pyrolysis-gas chromatography/mass spectrometry;
Q, chelation stage; S, syringyl; TCF, totally chlorine free;
TOCSY, total correlation spectroscopy.
Supporting Information Available: FTIR spectra, 600-2000
cm-1, of eucalypt MWL, kraft lignin, and residual lignins from
unbleached, oxygen-delignified, and TCF-bleached eucalypt
kraft pulps. This material is available free of charge via the
Internet at http://pubs.acs.org.
LITERATURE CITED
(1) Evtuguin, D. V.; Neto, C. P.; Silva, A. M. S.; Domingues, P.
M.; Amado, F. M. L.; Robert, D.; Faix, O. Comprehensive study
on the chemical structure of dioxane lignin from plantation
Eucalyptus globulus wood. J. Agric. Food Chem. 2001, 49,
4252-4261.
(2) Capanema, E. A.; Balakshin, M. Y.; Kadla, J. F. Quantitative
characterization of a hardwood milled wood lignin by nuclear
magnetic resonance spectroscopy. J. Agric. Food Chem. 2005,
53, 9639-9649.
(3) Duarte, A. P.; Robert, D.; Lachenal, D. Eucalyptus globulus kraft
pulp residual lignin. Part 2. Modification of residual lignin
structure in oxygen bleaching. Holzforschung 2001, 55, 645-
651.
(4) Pinto, P. C.; Evtuguin, D. V.; Neto, C. P.; Silvestre, A. J. D.;
Amado, F. M. L. Behavior of Eucalyptus globulus lignin during
kraft pulping. II. Analysis by NMR, ESI/MS, and GPC. J. Wood
Chem. Technol. 2002, 22, 109-125.
(5) Bjo¨rkman, A. Studies on finely divided wood. Part I. Extraction
of lignin with neutral solvents. SVen. Papperstidn. 1956, 13,
477-485.
(6) Holtman, K. M.; Chang, H. M.; Jameel, H.; Kadla, J. F.
Quantitative C-13 NMR characterization of milled wood lignins
isolated by different milling techniques. J. Wood Chem. Technol.
2006, 26, 21-34.
3488 J. Agric. Food Chem., Vol. 55, No. 9, 2007 Ibarra et al.
106
(7) Gellerstedt, G.; Pranda, J. Structural and molecular properties
of residual birch lignins. J. Wood Chem. Technol. 1994, 14, 467-
482.
(8) Adler, E. Lignin chemistrysPast, present and future. Wood Sci.
Technol. 1977, 11, 169-218.
(9) Hortling, B.; Ranua, M.; Sundquist, J. Investigation of the
residual lignin in chemical pulps. Part 1. Enzymatic hydrolysis
of the pulps and fractionation of the products. Nord. Pulp Pap.
Res. J. 1990, 5, 33-37.
(10) Argyropoulos, D. S.; Sun, Y.; Palusˇ, E. Isolation of residual kraft
lignin in high yield and purity. J. Pulp Pap. Sci. 2002, 28, 50-
54.
(11) Capanema, E. A.; Balakshin, M. Y.; Chen, C. L. An improved
procedure for isolation of residual lignins from hardwood kraft
pulps. Holzforschung 2004, 58, 464-472.
(12) Ibarra, D.; del Rı´o, J. C.; Gutie´rrez, A.; Rodrı´guez, I. M.; Romero,
J.; Martı´nez, M. J.; Martı´nez, A. T. Isolation of high-purity
residual lignins from eucalypt paper pulps by cellulase and
proteinase treatments followed by solvent extraction. Enzyme
Microb. Technol. 2004, 35, 173-181.
(13) Ibarra, D.; del Rı´o, J. C.; Gutie´rrez, A.; Rodrı´guez, I. M.; Romero,
J.; Martı´nez, M. J.; Martı´nez, A. T. Chemical characterization
of residual lignins from eucalypt paper pulps. J. Anal. Appl.
Pyrolysis 2005, 74, 116-122.
(14) Lin, S. Y.; Dence, C. W.Methods in Lignin Chemistry; Springer-
Verlag: Berlin, 1992.
(15) Higuchi, T. Biochemistry and Molecular Biology of Wood;
Springer-Verlag: London, 1997.
(16) del Rı´o, J. C.; Gutie´rrez, A.; Hernando, M.; Landı´n, P.; Romero,
J.; Martı´nez, A. T. Determining the influence of eucalypt lignin
composition in paper pulp yield using Py-GC/MS. J. Anal. Appl.
Pyrolysis 2005, 74, 110-115.
(17) del Rı´o, J. C.; Gutie´rrez, A.; Romero, J.; Martı´nez, M. J.;
Martı´nez, A. T. Identification of residual lignin markers in
eucalypt kraft pulps by Py-GC/MS. J. Anal. Appl. Pyrolysis 2001,
58/59, 425-433.
(18) Faix, O. Fourier transform infrared spectroscopy. In Methods in
Lignin Chemistry; Lin, S. Y., Dence, C. W., Eds.; Springer-
Verlag: Berlin, 1992; pp 83-109.
(19) Nimz, H. H.; Robert, D.; Faix, O.; Nemr, M. Carbon-13 NMR
spectra of lignins 8. Structural differences between lignins of
hardwoods; softwoods; grasses and compression wood. Holz-
forschung 1981, 35, 16-26.
(20) Ralph, J.; Marita, J. M.; Ralph, S. A.; Hatfield, R. D.; Lu, F.;
Ede, R. M.; Peng, J.; Quideau, S.; Helm, R. F.; Grabber, J. H.;
Kim, H.; Jimenez-Monteon, G.; Zhang, Y.; Jung, H.-J. G.;
Landucci, L. L.; MacKay, J. J.; Sederoff, R. R.; Chapple, C.;
Boudet, A. M. Solution-state NMR of lignin. In AdVances in
Lignocellulosics Characterization; Argyropoulos, D. S., Ed.;
Tappi Press: Atlanta, 1999; pp 55-108.
(21) Fukagawa, N.; Meshitsuka, G.; Ishizu, A. A 2-dimensional NMR-
study of birch milled wood lignin. J. Wood Chem. Technol. 1991,
11, 373-396.
(22) Ede, R. M.; Brunow, G. Application of two-dimensional homo-
nuclear and heteronuclear correlation NMR spectroscopy to wood
lignin structure determination. J. Org. Chem. 1992, 57, 1477-
1480.
(23) Karhunen, P.; Rummakko, P.; Sipila, J.; Brunow, G.; Kilpela¨inen,
I. DibenzodioxocinssA novel type of linkage in softwood
lignins. Tetrahedron Lett. 1995, 36, 169-170.
(24) Zhang, L.; Gellerstedt, G. NMR observation of a new lignin
structure, a spiro-dienone. Chem. Commun. 2001, 2744-2745.
(25) Liitia¨, T. M.; Maunu, S. L.; Hortling, B.; Toikka, M.; Kilpela¨inen,
I. Analysis of technical lignins by two- and three-dimensional
NMR spectroscopy. J. Agric. Food Chem. 2003, 51, 2136-2143.
(26) Balakshin, M. Y.; Capanema, E. A.; Chen, C.-L.; Gracz, H. S.
Elucidation of the structures of residual and dissolved pine kraft
lignins using an HMQC NMR technique. J. Agric. Food Chem.
2003, 51, 6116-6127.
(27) A¨mma¨lahti, E.; Brunow, G.; Bardet, M.; Robert, D.; Kilpela¨inen,
I. Identification of side-chain structures in a poplar lignin using
three-dimensional HMQC-HOHAHA NMR spectroscopy. J.
Agric. Food Chem. 1998, 46, 5113-5117.
(28) Chen, C.-L.; Capanema, E. A.; Gracz, H. S. Comparative studies
on the delignification of pine kraft- anthraquinone pulp with
hydrogen peroxide by binucleus Mn(IV) complex catalysis. J.
Agric. Food Chem. 2003, 51, 6223-6232.
(29) Capanema, E. A.; Balakshin, M. Y.; Chen, C.-L.; Gratzl, J. S.;
Gracz, H. Structural analysis of residual and technical lignins
by 1H-13C correlation 2D NMR-spectroscopy. Holzforschung
2001, 55, 302-308.
(30) Balakshin, M.; Capanema, E.; Chen, C.-L.; Gratzl, J.; Kirkman,
A.; Gracz, H. Biobleaching of pulp with dioxygen in the laccase-
mediator systemsReaction mechanisms for degradation of
residual lignin. J. Mol. Catal. B: Enzym. 2001, 13, 1-16.
(31) Heikkinen, S.; Toikka, M. M.; Karhunen, P. T.; Kilpela¨inen, I.
A. Quantitative 2D HSQC (Q-HSQC) via suppression of
J-dependence of polarization transfer in NMR spectroscopy:
Application to wood lignin. J. Am. Chem. Soc. 2003, 125, 4362-
4367.
(32) Zhang, L. M.; Gellerstedt, G. Quantitative 2D HSQC NMR
determination of polymer structures by selecting suitable internal
standard references. Magn. Reson. Chem. 2007, 45, 37-45.
(33) International Organisation for Standardization Documentation and
Information (ISO). ISO Standards Collection on CD-ROM.
Paper, Board and Pulps, 2nd ed.; ISO: Geneva, 2003.
(34) Ralph, S. A.; Ralph, J.; Landucci, L. NMR Database of Lignin
and Cell Wall Model Compounds; U.S. Forest Prod.
Lab.: Madison, WI, 2004; http://ars.usda.gov/Services/
docs.htm?docid)10491H (accessed: July 2006).
(35) Capanema, E. A.; Balakshin, M. Y.; Kadla, J. F. A comprehen-
sive approach for quantitative lignin characterization by NMR
spectroscopy. J. Agric. Food Chem. 2004, 52, 1850-1860.
(36) Faix, O.; Grunwald, C.; Beinhoff, O. Determination of phenolic
hydroxyl group content of milled wood lignins (MWL’s) from
different botanical origins using selective aminolysis, FTIR, 1H-
NMR, and UV spectroscopy. Holzforschung 1992, 46, 425-
432.
(37) Brunow, G.; Karlsson, O.; Lundquist, K.; Sipila¨, J. On the
distribution of diastereomers of the structural elements in
lignin: The steric course of reactions mimicking lignin biosyn-
thesis. Wood Sci. Technol. 1993, 27, 281-286.
(38) Gellerstedt, G.; Lindfors, E. L. Structural changes in lignin during
kraft cooking. Holzforschung 1984, 39, 151-158.
(39) Gaspar, A.; Evtuguin, D. V.; Neto, C. P. Lignin reactions in
oxygen delignification catalysed by Mn(II)-substituted molyb-
dovanadophosphate polyanion. Holzforschung 2004, 58, 640-
649.
(40) Al Dajani, W. W.; Gellerstedt, G. On the isolation and structure
of softwood residual lignins. Nord. Pulp Pap. Res. J. 2002, 17,
193-198.
(41) Shatalov, A. A.; Evtuguin, D. V.; Pascoal Neto, C. (2-O-R-D-
galactopyranosyl-4-O-methyl-R-D-glucurono)-D-xylan from
Eucalyptus globulus Labill. Carbohydr. Res. 1999, 320, 93-
99.
(42) Balakshin, M. Y.; Evtuguin, D. V.; Neto, C. P.; Silva, A. M. S.;
Domingues, P.; Amado, F. M. L. Studies on lignin and lignin-
carbohydrate complex by application of advanced spectrocopic
techniques. Proc. 11th ISWPC, Nice, 11-14 June 2001; pp 103-
106.
(43) Argyropoulos, D. S. OxidatiVe Delignification Chemistry: Fun-
damentals and Catalysis; American Chemical Society: Wash-
ington, DC, 2001.
(44) Gellerstedt, G.; Heuts, L.; Robert, D. Structural changes in lignin
during a totally chlorine free bleaching sequence. Part II: An
NMR study. J. Pulp Pap. Sci. 1999, 25, 111-117.
(45) Evtuguin, D. V.; Robert, D. The detection of muconic acid type
structures in oxidized lignins by C-13 NMR spectroscopy.Wood
Sci. Technol. 1997, 31, 423-431.
Eucalypt Lignin in Kraft Pulping and TCF Bleaching J. Agric. Food Chem., Vol. 55, No. 9, 2007 3489
107
(46) Akim, L. G.; Colodette, J. L.; Argyropoulos, D. S. Factors
limiting oxygen delignification of kraft pulp. Can. J. Chem. 2001,
79, 201-210.
(47) Ohra-aho, T.; Tenkanen, M.; Tamminen, T. Direct analysis of
lignin and lignin-like components from softwood kraft pulp by
Py-GC/MS techniques. J. Anal. Appl. Pyrolysis 2005, 74, 123-
128.
(48) Tamminen, T.; Kleen, M.; Ohra-aho, T.; Poppius-Levlin, K.
Chemistry of mediated-laccase delignification analyzed by
pyrolysis-GC/MS. J. Pulp Pap. Sci. 2003, 29, 319-324.
(49) Marlin, N.; Lachenal, D.; Magnin, L.; Brochier-Salon, M. C.
Study of the oxygen effect on mechanical pulp lignin using an
improved lignin isolation method. Holzforschung 2005, 59, 116-
123.
(50) Shoemaker, S.; Schweickart, V.; Ladner, M.; Gelfand, D.; Kwok,
S.; Myambo, K.; Innis, M. Molecular-cloning of exo-cellobio-
hydrolase-I derived from Trichoderma reesei strain-L27. Bio-
Technology 1983, 1, 691-696.
Received for review December 22, 2006. Revised manuscript received
February 21, 2007. Accepted February 22, 2007. The study was funded
by the Spanish projects BIO2005-03569, AGL2005-01748 and CTQ2005-
08925-C02-02, the EU contracts QLK3-99-590 and FP6-2004-NMP-NI-
4-02456, the CSIC project 2006-4-0I-039, and two ENCE-CSIC contracts.
JF063728T
3490 J. Agric. Food Chem., Vol. 55, No. 9, 2007 Ibarra et al.
108
Publicación VI: 
David Ibarra, María I. Chávez, Jorge Rencoret, José C. del Río, Ana Gutiérrez, Javier Romero, 
Susana Camarero, María J. Martínez, Jesús Jiménez-Barbero and Ángel T. Martínez (2007) 
Structural modification of eucalypt pulp lignin in a totally chlorine-free bleaching sequence 
including a laccase-mediator stage. Holzforschung, 61, 634-646.
VI

Holzforschung, Vol. 61, pp. 634–646, 2007 • Copyright  by Walter de Gruyter • Berlin • New York. DOI 10.1515/HF.2007.096
Article in press - uncorrected proof
Structural modification of eucalypt pulp lignin in a totally
chlorine-free bleaching sequence including a laccase-
mediator stage
Selected article from the 9th EWLP, Vienna, Austria, August 27–30, 2006
David Ibarra1, Marı´a Isabel Cha´vez1,2,
Jorge Rencoret3, Jose´ Carlos del Rı´o3, Ana
Gutie´rrez3, Javier Romero4, Susana Camarero1,
Marı´a Jesu´s Martı´nez1, Jesu´s Jime´nez-
Barbero1 and A´ngel T. Martı´nez1,*
1 Centro de Investigaciones Biolo´gicas, CSIC, Madrid,
Spain
2 Instituto de Quı´mica, UNAM, Ciudad Universitaria,
Mexico
3 Instituto de Recursos Naturales y Agrobiologı´a de
Sevilla, CSIC, Seville, Spain
4 CIT, ENCE, Pontevedra, Spain
*Corresponding author.
Centro de Investigaciones Biolo´gicas (CIB), CSIC, Ramiro de
Maeztu 9, E-28040 Madrid, Spain
E-mail: atmartinez@cib.csic.es
Abstract
Structural modification of eucalypt pulp lignin was in-
vestigated in a totally chlorine-free (TCF) bleaching
sequence including a laccase-mediator stage. This stage
was applied after two oxygen delignification stages, and
was followed by an alkaline peroxide stage. After two
oxygen delignification stages, two more stages with a
laccase mediator and alkaline peroxide were applied. The
residual lignins were enzymatically isolated from the dif-
ferent pulps and analyzed by spectroscopic techniques
and analytical pyrolysis. The latter revealed high amounts
of syringyl units ()70%) in the lignins. 13C-1H heteronu-
clear single quantum correlation (HSQC) NMR indicated
high amounts of b-O-49 inter-unit linkages ()75% side-
chains). Changes in lignin composition and inter-unit link-
ages were demonstrated in the course of the bleaching
sequence. Moreover, oxidative modification of the major
syringyl units was shown by C2,6-H2,6 HSQC correlations
and by the presence of oxidized pyrolysis markers in
pyrograms. The existence of both Ca keto and carboxyl
groups in the residual lignin, together with normal (Ca-
hydroxylated) units, was revealed by heteronuclear mul-
tiple bond correlation (HMBC) between aromatic H2,6 and
side-chain carbons. These Ca-oxidized structures repre-
sent nearly 60% of total units in the lignin isolated from
the enzymatically treated pulp. Analysis of residual lignin
after the final peroxide stage compared with a simple
alkaline treatment revealed that most of the oxidatively
altered lignin was removed by the alkali used in the per-
oxide stage. Thus, the kappa number decreased and the
final residual lignin was more structurally related to that
found before the oxidative stages, although it contained
less resinols and more carboxyl group-bearing units.
However, the action of peroxide is necessary to attain the
high brightness required ()90% ISO).
Keywords: 2D NMR; enzymes; Eucalyptus globulus;
FTIR; HMBC; HSQC; laccase-mediator system; paper
pulp; Py-GC/MS; TCF bleaching.
Introduction
World consumption of eucalypt wood for paper pulp
manufacturing has strongly increased during recent dec-
ades, including production of high-quality totally chlo-
rine-free (TCF) bleached pulps. However, environmentally
friendly bleaching of eucalypt paper pulps by oxygen and
peroxide treatment does not always lead to the bright-
ness levels and stability required.
Wood-rotting basidiomycetes are responsible for the
natural degradation of lignin, a key step for carbon recy-
cling in forest ecosystems (Martı´nez et al. 2005). Their
oxidoreductases have high redox potential, and may be
applied for delignifying and bleaching of paper-grade
pulps (Bajpai 2004). Ligninolytic peroxidases were inves-
tigated as agents for environmentally sound bleaching of
pulps, together with laccases (Paice et al. 1995). The
interest in laccases as industrial biocatalysts increased
after discovery of the laccase-mediator systems based
on low-molecular-mass redox mediators (Bourbonnais
and Paice 1990). More recently, -N(OH)- compounds
have been reported as efficient laccase mediators in de-
lignification of paper pulp (Poppius-Levlin et al. 1999b;
Camarero et al. 2004; Chakar and Ragauskas 2004).
Several issues remain to be solved before industrial
implementation of the laccase-mediator system at the
bleach plant level. Among them, the cost of mediators is
still an obstacle, although some alternatives are being
investigated (Camarero et al. 2005, 2007). New bleaching
sequences have been suggested for high-quality pulps,
in which laccase-mediator treatments are applied together
with chemical reagents for bleaching of flax (Garcı´a et al.
2003) and eucalypt TCF pulps (Ibarra et al. 2006a).
For optimizing enzymatic delignification, knowledge
about the chemical structure of lignin in terms of its p-
hydroxyphenyl (H), guaiacyl (G), and syringyl (S) phenyl-
propanoid units and inter-unit linkages is useful. Lignin
isolation from hardwood pulps is one of the problems in
these studies (Duarte et al. 2001). A procedure has been
reported by Ibarra et al. (2004) for enzymatic isolation of
residual lignin from Eucalyptus globulus Labill pulp during
TCF bleaching. Thus, lignin modification after bleaching
could be studied (Ibarra et al. 2005). Compared with
chemical isolation, this procedure yields unaltered lignin
in moderate yield.
In the present study, residual lignin was enzymatically
isolated from eucalypt kraft pulp, which was bleached in
a laboratory TCF sequence including a laccase-mediator
stage (Ibarra et al. 2006a). Lignins were investigated by
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2D NMR, pyrolysis-gas chromatography/mass spectrom-
etry (Py-GC/MS) and Fourier-transform infrared (FTIR)
spectroscopy. Application of 2D NMR resulted in a
powerful tool for lignin characterization, since signals
overlapping in 1H and 13C NMR spectra are often resolved
(Ralph et al. 1999). Two-dimensional NMR has been used
to characterize residual lignins from different paper pulps
(Balakshin et al. 2001a, 2003; Chen et al. 2003; Roost
et al. 2003). This technique has been applied for analysis
of eucalypt wood lignin (Evtuguin et al. 2001; Capanema
et al. 2005), as well as residual lignin from eucalypt kraft
pulps (Balakshin et al. 2001b; Capanema et al. 2001a,b;
Ibarra et al. 2007). In spite of its potential, 2D NMR has
only rarely been used to investigate lignin modification
by laccase-mediators (Balakshin et al. 2001a; Ibarra
et al. 2006b; Xu et al. 2006). On the other hand, Py-GC/
MS is helpful in studying the S/G ratio and side-chain
modification of lignins, and FTIR spectroscopy provides
indication of the presence of functional groups (Faix
1992; del Rı´o et al. 2001; Ibarra et al. 2005). Using a
combination of these spectroscopic and degradative
techniques, good insight can be obtained into the struc-
tural modifications of eucalypt pulp lignin occurring dur-
ing enzymatic treatment and subsequent bleaching
steps.
Materials and methods
Enzyme-containing and control TCF bleaching
sequences
The enzyme-containing sequence was assayed in 4-l reactors
containing 200 g of E. globulus kraft pulp (10% consistency) with
a kappa number of 14.2 and a brightness of 41.2% ISO. The
pulp was treated with laccase from Pycnoporus cinnabarinus
(Jacq.) Fr. using a dose of 20 U g-1 dry weight (dw) in the pres-
ence of 1.5% (pulp dw) 1-hydroxybenzotriazole (HBT). The
above enzymatic treatment (stage L) was carried out under the
following conditions: time, 2 h; pH 4; temperature, 508C; and
pressure, 6 kg cm-2 O2. As described by Ibarra et al. (2006a), the
sequence (O-O-L-Q-PoP) also included two oxygen stages (O-
O), a chelation stage (Q), and an alkaline peroxide stage with a
first step under pressurized oxygen (PoP). The control sequence
(O-O-a-Q-PoP) included a stage under the same conditions as
for stage L, but without laccase and mediator (stage a). A sam-
ple of O-O-L pulp was treated in parallel with 1.5% NaOH (pulp
dw) for 1 h at 608C (stage E), and alkali lignin was precipitated
at acidic pH after removal of solubilized polysaccharide with
50% ethanol. Pulp brightness, kappa number and viscosity were
estimated by standard methods for up to four replicates (ISO
2003).
Isolation and characterization of residual lignins
Residual lignins were isolated after each stage of the above
sequences (and from the alkali-treated O-O-L pulp) by cellulase
hydrolysis, and purified with protease, dimethylacetamide
(DMAC) and NaOH as described by Ibarra et al. (2004). As
already reported, the yield of enzymatic residual lignin was
approximately 30% from unbleached eucalypt kraft pulp, and
lower from bleached pulps, but the lignins obtained were not
altered during isolation and exhibited a good degree of purity
(Ibarra et al. 2004, 2005).
Two-dimensional NMR spectra were recorded at 258C in a
Bruker AVANCE 500-MHz instrument using a z-gradient triple-
resonance probe. Lignins (40 mg) were dissolved in 0.75 ml of
DMSO-d6, and spectra were recorded in HSQC (heteronuclear
single quantum correlation) and HMBC (heteronuclear multiple
bond correlation) experiments. The relaxation delay for the 1H
NMR spectrum was 7 s (908 pulse angle). The number of points
collected was 32,000. The 1H NMR spectra were processed
using an exponential weighting function of 0.2 Hz prior to Fourier
transformation. The spectral widths for the HSQC were 5000
and 13,200 Hz for the 1H and 13C dimensions, respectively. For
HMBC, the 13C dimension was increased to 30,000 Hz. For both
HSQC and HMBC, the number of complex points collected was
2048 for the 1H dimension, with a recycle delay of 5 s. The num-
ber of transients was 64 for the HSQC spectra, and 128 for
HMBC, and 256 time increments were always recorded in the
13C dimension. The J-coupling evolution delay was set to 3.2 ms
in HSQC, while a long range J-coupling evolution time of 66 ms
was applied for HMBC. In HSQC experiments, a squared
cosine-bell apodization function was applied in both dimen-
sions. Prior to Fourier transformation, the data matrixes were
zero filled up to 1024 points in the 13C dimension. Signals were
assigned by combining experiments and comparing them with
the literature (Ralph et al. 1999, 2004, 2006; Capanema et al.
2001a, 2004b, 2005; Balakshin et al. 2003; Liitia¨ et al. 2003).
Semi-quantitative analysis of the HSQC cross-signal intensi-
ties was performed (Heikkinen et al. 2003; Zhang andGellerstedt
2007). Volume integration of the cross-signals was performed
separately for the different regions of the HSQC spectra, which
contain signals that correspond to chemically analogous car-
bon-proton pairs. For these signals, the 1JCH coupling value is
relatively similar and suitable for semi-quantitative estimation of
the different C-H correlations. In the aliphatic oxygenated region,
inter-unit linkages were estimated from the Ca-Ha correlations,
except for structures D, E and J described below, and the
relative abundance of side chains involved in inter-unit linkages
and terminal structures was calculated. The S/G ratio of lignin
was estimated based on the aromatic C-H correlations of S- and
G-type units. The relative abundance of Ca-oxidized units, with
respect to total aromatic units, was determined in the same way.
The integrals were corrected for proton numbers.
FTIR spectra were obtained using a Bruker IF-28 spectro-
photometer with 1 mg of lignin in 300 mg of KBr, and the base-
line was subtracted between valleys at ca. 1850 and 900 cm-1.
Pyrolyses were performed in triplicate at 5508C (pyrolysis time
10 s) using a CDS Pyroprobe (with AS-2500 autosampler) cou-
pled to Agilent GC (6890) and MS (5973 N) instruments. Sepa-
ration was carried out on a DV-1701 column (60 m=0.25 mm,
0.25-mm film) using a temperature program of 458C for 4 min,
increased to 2808C at 48C min-1 and 15 min at 2808C. Lignin
marker compounds were identified according to del Rı´o et al.
(2001).
Results
Enzyme-containing and control sequences
The main properties of eucalypt pulps from the bleaching
sequences with (O-O-L-Q-PoP) and without enzyme
(control, O-O-a-Q-PoP) are listed in Table 1, which also
presents the characteristics of the laccase mediator pulp
after alkaline treatment. Pulps with similar characteristics
were found after O-O (not shown) and O-O-a stages,
confirming that the control stage did not affect pulp prop-
erties. The main chemical structures identified in the
eucalypt pulp residual lignins are presented in Figure 1.
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Table 1 Main characteristics of the unbleached eucalypt kraft pulp, oxygen-delignified control pulp (O-O-a), oxygen-delignified pulp
treated with laccase mediator (O-O-L), laccase mediator pulp after alkaline treatment (O-O-L-E), oxygen-delignified control pulp after
chelation and peroxide stages (O-O-a-Q-PoP), and laccase mediator pulp after chelation and peroxide stages (O-O-L-Q-PoP).
Pulp
Kraft O-O-a O-O-L O-O-L-E O-O-a-Q-PoP O-O-L-Q-PoP
Kappa number 14.2 10.3 8.6 5.4 6.7 5.2
Hexenuronic acids (mEq kg-1) 45.9 45.6 44.6 – 38.4 32.7
Brightness (% ISO) 41.2 55.7 57.8 73.0 87.9 91.2
Viscosity (ml g-1) 1188 981 870 742 788 693
Figure 1 Main structures in eucalypt residual lignin: (A) b-O-49; (B) resinol, formed by b-b9, a-O-g9 and g-O-a9 linkages; (C)
phenylcoumaran, formed by a-O-49 and b-59 linkages; (D) terminal b-O-49 with Ca9 carboxyl; (E) terminal p-hydroxycinnamyl alcohol;
(F) Cb carboxyl terminal unit; (G) guaiacyl unit; (G9) oxidized G units with a Ca ketone (R, lignin) or carboxyl group (R, OH; and R9,
lignin); (I, J) b-O-49 substructure Ca (R, polysaccharide; R9, H) or Cg etherified to carbohydrate (R, H; R9, polysaccharide); (K) xylan
(R, polysaccharide linked to lignin); (L) free (R, H) or esterified fatty acids; (S) syringyl unit; (S9) oxidized syringyl unit with a Ca ketone;
and (S0) oxidized syringyl unit with a Ca carboxyl. Only side-chain structures with relative abundance )1% are presented.
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Figure 2 Complete HSQC spectra, dC/dH 0–135/0–9 ppm, of lignins from: (a) unbleached kraft pulp; (b) O-O-a pulp; (c) O-O-L pulp;
(d) O-O-L-E pulp; (e) O-O-a-Q-PoP pulp; and (f) O-O-L-Q-PoP pulp. Regions corresponding to aliphatic, oxygenated aliphatic (side-
chain) and aromatic 13C-1H correlations are observed. Cross-signals for xylan and other polysaccharides, anomeric carbon (K1),
residual DMSO, and contaminating poly(ethyleneoxy-propyleneoxy) (PP) (Liitia¨ et al. 2003), and DMAC are visible in a and f, but they
also appear in other samples and in Figure 3.
NMR spectroscopy
In HSQC spectra (Figure 2), regions can be distinguished
for non-oxygenated and oxygenated aliphatic and for
aromatic moieties (no signals with dC 135–205 ppm were
found). The main 13C-1H correlation signals assigned in
the different HSQC spectra are listed in Table 2.
The first HSQC region, which contains cross-signals of
extraneous materials (e.g., lipids) and unidentified lignin
degradation products, was not analyzed in detail. The
oxygenated aliphatic region (Figure 3) yields information
about inter-unit linkages (A–C) and some terminal struc-
tures (D–F) and was suitable for semi-quantitative esti-
mation of the relative abundances of the lignin side-chain
structures mentioned above (Table 3). Some non-oxy-
genated side-chain correlations (namely Bb and Cb) are
included in the same expanded region because of their
dC/dH values. This region also contains cross-signals for
xylans (K) and other polysaccharides (dC/dH 67–75/
3.0–3.8 ppm) for which anomeric C1-H1 correlations are
visible in Figure 2. Lignin-carbohydrate linkages were
revealed by cross-signals for some b-O-49 substructures
that are Ca or Cg-etherified with carbohydrates (I and J).
The aromatic region (Figure 4) provides information on
lignin constitutive units (such as S and G units), some of
them bearing oxidized side chains (S9, S0 and G9).
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Table 2 Assignment of main 13C-1H correlation signals in the HSQC spectra shown in Figures 2–4.
dC/dH (ppm) Assignment
53.7/3.42 Cb-Hb in phenylcoumaran substructures (C)
54.1/3.04 Cb-Hb in resinol substructures (B)
56.2/3.73 C-H in methoxyls (MeO)
60.1/3.40 and 3.70 Cg-Hg in b-O-49 substructures (A)
61.9/4.09 Cg-Hg in p-hydroxycinnamyl alcohol (E)
63.4/3.20 and 3.67 C5-H5 in xylan (K)
68.0/4.26 Cg-Hg in b-O-49 with Cg etherified with carbohydrate (J)
71.4/4.75 Ca-Ha in b-O-49 linked to a G-type unit (A)
71.7/3.81 and 4.17 Cg-Hg in resinol substructures (B)
72.6/4.88 Ca-Ha in b-O-49 linked to an S-type unit (A)
73.5/3.01 C2-H2 in xylan (K)
74.6/4.36 Ca-Ha in Ar-CHOH-COOH units (F)
75.3/3.32 C3-H3 in xylan (K)
75.3/3.49 C4-H4 in xylan (K)
83.0/4.54 Cb-Hb in b-O-49 with carboxyl in Ca’ (D)
83.1/4.61 Ca-Ha in b-O-49 Ca-etherified with carbohydrate (I)
84.1/4.29 Cb-Hb in b-O-49 linked to a G-type unit (A)
85.4/4.64 Ca-Ha in resinol substructures (B)
86.4–87.3/4.01–4.11a Cb-Hb in b-O-49 linked to an S-type unit (A)
87.5/5.46 Ca-Ha in phenylcoumaran substructures (C)
102.2/4.25 C1-H1 in xylan (K)
104.7/6.69 C2,6-H2,6 in syringyl units (S)
106.7/7.32 C2,6-H2,6 in oxidized (CasO) syringyl units (S9)
107.3/7.22 C2,6-H2,6 in oxidized (CaOOH) syringyl units (S0)
111.7/6.99 C2-H2 in guaiacyl units (G)
112.4/7.50 C2-H2 in oxidized guaiacyl units (G9)
115.4/6.72 and 6.94 C5-H5 in guaiacyl units (G)
119.6/6.81 C6-H6 in guaiacyl units (G)
124.0/7.4 C6-H6 in oxidized guaiacyl units (G9)
a Including Cb-Hb signals at 86.4/4.11 and 87.3/4.01 ppm corresponding to the erythro and threo forms, respectively, of side chains
b-O-49 linked to an S unit.
HMBC 2D NMR provides additional information on lig-
nin quaternary carbons based on their correlations with
protons at several-bond distances (Table 4). The former
included methoxy-bearing C3 and C5 in lignin units, fatty-
acid (L) carboxyl carbons (Figure 5a, d and g) and espe-
cially keto and carboxyl Ca in S9 and S0 structures (Figure
5b, e and h).
FTIR spectroscopy
All spectra (Figure 6) present three bands between 1507
and 1419 cm-1 and the 1594 cm-1 band of aromatic ring
vibrations. Other bands are due to ring breathing of S
(1328–1331 cm-1) and G units (1263–1266 cm-1), in-plane
bending of S (1122–1126 cm-1) and G units
(1032–1039 cm-1), and out-of-plane bending of G
(913–916 cm-1) and S units (833–836 cm-1). Bands at
1655–1661 cm-1 and 1716–1717 cm-1 correspond to
stretching of conjugated and non-conjugated carbonyls,
respectively, although the former also includes amide
bands and the latter carboxyl bands. The alkali lignin
spectrum includes carbohydrate bands (around 1000
cm-1), together with lignin bands. Small bands at 745 and
770 cm-1 were assigned to benzotriazole formed from
HBT during the enzymatic treatment of pulp, which incor-
porated into lignin.
Analytical pyrolysis
Lignin pyrograms (Figure 7) are dominated by peaks for
guaiacol, syringol, and their 4-methyl, 4-ethyl, 4-vinyl,
4-propenyl, 4-propine and 4-allyl derivatives (Table 5).
Aromatic aldehydes, ketones, and esters were also iden-
tified, as well as cinnamic-type aldehydes and alcohols.
A small benzotriazole peak was observed (Figure 7b).
Lignin S/G ratios and percentages of markers with oxi-
dized and shortened side-chains were calculated. Some
H-type compounds, namely phenol and methylphenol,
were detected. These only represented 0.5–0.6% of
Py-GC/MS products, with the exception of unbleached
kraft pulp lignin (0.3%), alkali lignin (1%) and O-O-L pulp
lignin (up to 2.2%). These compounds were accompa-
nied by similar amounts of indole and 3-methylindole,
assigned to protein tryptophan residues (Figure 7,
asterisks).
Discussion
Pulp lignin modification by laccase mediator
(after oxygen delignification)
Oxygen as a delignifying agent is widely introduced in
paper pulp manufacture. There is a large body of litera-
ture on its effect on various residual lignins (Argyropoulos
2001), including eucalypt pulp lignin (Duarte et al. 2001;
Ibarra et al. 2007). Double oxygen delignification of E.
globulus kraft pulp resulted in a decrease in kappa num-
ber (4 points) and increase in brightness (15 points).
However, the structural characteristics of the residual lig-
nin were not strongly affected, in agreement with other
studies (Gellerstedt et al. 1999). The reason for this is that
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Figure 3 Expanded side-chain region, dC/dH 50–95/2.6–5.6 ppm, of the HSQC spectra of lignins from: (a) unbleached kraft pulp;
(b) O-O-a pulp; (c) O-O-L pulp; (d) O-O-L-E pulp; (e) O-O-a-Q-PoP pulp; and (f) O-O-L-Q-PoP pulp. See Table 2 for signal assignment.
Table 3 Relative abundance of main inter-unit linkages and terminal structures as a percentage of total side chains from integration
of 13C-1H correlation signals in the HSQC spectra of lignins isolated from the enzyme-containing (O-O-L-Q-PoP) and control (O-O-
a-Q-PoP) sequences, and the alkali lignin and residual lignin from the alkali-treated laccase-mediator pulp (O-O-L-E).
Linkage relative abundance in lignin (%)
Kraft pulp O-O-a O-O-L Alkali O-O-L-E O-O-a-Q-PoP O-O-L-Q-PoP
b-O-49 (A) 72 74 100 100 83 81 78
Resinol (B) 17 15 0 0 13 6 9
Phenylcoumaran (C) 1 1 0 0 0 3 3
b-O-49 with carboxyl in Ca9 (D) 0 0 0 0 0 4 3
p-Hydroxycinnamyl alcohol (E) 2 3 0 0 0 1 2
Ar-CHOH-COOH (F) 2 2 0 0 3 4 4
b-O-49 with Ca or Cg ether-linked 6 4 0 0 0 0 0
to carbohydrate (I, J)
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Figure 4 Expanded aromatic region, dC/dH 100–127/6–7.8 ppm, of the HSQC spectra of lignins from: (a) unbleached kraft pulp; (b)
O-O-a pulp; (c) O-O-L pulp; (d) O-O-L-E pulp; (e) O-O-a-Q-PoP pulp; and (f) O-O-L-Q-PoP pulp. See Table 2 for signal assignment.
Cross-signals for contaminating protein (Pr) are also visible.
the altered lignin is removed from the pulp under the
alkaline conditions. In contrast, the laccase mediator
stage only slightly improved the kappa number and
brightness of the oxygen-delignified pulp, but strongly
modified the structural characteristics of the remaining
lignin.
The eucalypt pulp residual lignin is rich in S units, in
agreement with in situ analyses based on Py-GC/MS of
the whole pulp (del Rı´o et al. 2001). In this context, it
should be remembered that all degradation techniques
preferentially affect the S units of lignins. Thus, a correc-
tion factor of approximately 0.3–0.5 has been suggested
to calculate the true S/G ratio (Sarkanen and Hergert
1971). The predominance of S units in the eucalypt kraft
pulp residual lignin was confirmed by the high intensity
of S cross-signals in the aromatic region of the HSQC
spectra compared to those assigned to G units. A
decrease in S/G ratio after the laccase mediator treat-
ment was demonstrated by Py-GC/MS and FTIR
spectroscopy (S/G estimation by HSQC NMR was ham-
pered by the formation of oxidized structures), in agree-
ment with enzymatic delignification of other angiosperm
pulps (Poppius-Levlin et al. 1999a; Camarero et al. 2004).
A characteristic of the eucalypt pulp lignin isolated
after the laccase mediator treatment is the presence of
oxidized units. Oxidation of major S units was evidenced
by the C2,6-H2,6 correlation signal with dC/dH around 107/
7.2–7.3 ppm, which appeared in the HSQC aromatic
region together with the cross-signal at 105/6.7 ppm. H2,6
correlations in the HMBC spectra indicated that the latter
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Table 4 Assignment of 13C-1H correlation signals involving lignin quaternary carbons in the HMBC spectra shown in Figure 5.
dC/dH (ppm) Assignment
127.1/7.19 C1-H2,6 in oxidized (CaOOH) syringyl units (S0)
127.1/7.32 C1-H2,6 in oxidized (CasO) syringyl units (S9)
134.7/6.69 C1-H2,6 in syringyl units (S)
138.4/6.69 C4-H2,6 in syringyl units (S)
140.7/7.19 C4-H2,6 in oxidized (CaOOH) syringyl units (S0)
141.5/7.32 C4-H2,6 in oxidized (CasO) syringyl units (S9)
148.0/3.83 C3,5-HMeO in phenolic syringyl units (S9) and C3-HMeO in G units
148.0/7.32 C3,5-H2,6 in oxidized (CasO) syringyl units (phenolic) (S9)
152.5/3.73 C3,5-HMeO in etherified syringyl units (S and S0)
152.5/6.69 C3,5-H2,6 in etherified syringyl units (S)
152.5/7.19 C3,5-H2,6 in oxidized (CaOOH) syringyl units (etherified) (S0)
167.3/7.19 Ccarboxyl-H2,6 in oxidized (CaOOH) syringyl units (S0)
170.0/1.78, 172.4/1.91 and 174.9/2.18 Ccarboxyl-Halkyl in fatty acids (L)
197.9/7.32 Ccarbonyl-H2,6 in oxidized (CasO) syringyl units (S9)
signal corresponds to normal units bearing a hydroxyl in
Ca (S), whereas the former included two partially over-
lapping signals corresponding to oxidized units bearing
a ketone (S9 with dC 198 ppm) or carboxyl group (S0 with
dC 167 ppm) in Ca. In addition to a higher degree of oxi-
dation, the percentage of oxidized units was several-fold
higher in residual lignin isolated from the O-O-L pulp
(59% of lignin units) than in the O-O residual lignin (10%
of units). Moreover, HMBC correlations, including C3,5-
H2,6 cross-signals, indicated that the S (non oxidized) and
S0 (syringic acid) units were basically C4-etherified (dC
152 ppm), whereas the S9 (syringone) units were predom-
inantly phenolic (dC 148 ppm). 1H NMR of acetylated lig-
nin from eucalypt pulp (results not shown) indicated that
the phenolic units left after oxygen delignification were
not preferentially removed during laccase-HBT treatment.
The increase in conjugated carbonyls/carboxyls after
laccase mediator treatment was confirmed by Py-GC/MS
release of lignin markers with oxidized side chains, and
FTIR bands at 1655–1661 and 1716–1717 cm-1. The for-
mer band is also typical of amide carbonyls from protein
as confirmed by Py-GC/MS (indole and 3-methyl-
indole markers) (Ibarra et al. 2004), and HSQC cross-sig-
nals of tyrosine (115/6.6 and 130/7.0 ppm; one of them
overlapping with C5-H5 signal in G units), phenylalanine
(129/7.2 ppm), and tryptophan residues (112/7.3, 119/
7.0, 119/7.5, and 121/7.0 ppm). Based on the fact that
contaminating protein was more abundant in the O-O-L
lignin, we suggests that it originated from the laccase of
the bleaching step, in addition to cellulase used in lignin
isolation (Chen et al. 2003; Ibarra et al. 2004). As indi-
cated by Py-GC/MS and FTIR, these samples also con-
tain benzotriazole that was incorporated into the lignin
during the laccase-HBT treatment. This compound inter-
feres in protein estimation based on N content (1–2% N
can be found in most residual lignins, but up to 5% N
after laccase mediator treatment). The enrichment in lig-
nin H units during pulp delignification reported in other
studies (Akim et al. 2001; Tamminen et al. 2003) is most
probably due to contaminating protein, as tyrosine resi-
dues gives rise to the same Py-GC/MS products and
HSQC correlations (Choi and Faix 1998).
Oxidized units have been detected in lignin from pine
pulp based on G-unit C2-H2 and C6-H6 correlations
(Balakshin et al. 2003). Small signals with dC/dH 112/7.5
and 124/7.4 ppm are indicative of traces of such units in
residual lignin obtained from the O-O-L pulp, together
with the oxidized S units. The formation of conjugated
carbonyls/carboxyls is a characteristic of oxygen
delignification of pulp (Asgari and Argyropoulos 1998;
Gierer 2000). These functional groups have also been
detected after laccase mediator treatment using 13C and
31P NMR and FTIR spectroscopy (Sealey and Ragauskas
1998; Poppius-Levlin et al. 1999b; Chakar and Ragaus-
kas 2004). The generation of Ca-oxidized structures is
congruent with the nature of the lignin biodegradation
process, which has been described as an ‘‘enzymatic
combustion’’ (Kirk and Farrell 1987). The action of lac-
case-HBT on some aromatic compounds is initiated by
abstracting one electron and one proton from the Ca
atom (Cantarella et al. 2003). Aromatic ring oxidation (and
cation radical formation) has also been reported during
degradation of non-phenolic dimers by laccase-HBT.
However, the Ca attack followed by alkyl-aryl ether
breakdown predominates and releases aromatic acids
(Kawai et al. 2002). Our results confirm this, since the
formation of syringic acid terminal units was the main
lignin modification after eucalypt pulp treatment with lac-
case-HBT.
The major inter-unit linkages in E. globulus residual lig-
nin belong to the b-O-49 and resinol types (Balakshin
et al. 2001b). b-O-49 substructures (A) were highly pre-
dominant in all of the eucalypt residual lignins analyzed,
with relative abundances of )78% of side-chain struc-
tures. Approximately 6% of these structures were ether-
ified with carbohydrates (see I and J in the residual lignin
from kraft and oxygen-delignified pulps). Laccase medi-
ator degradation did not uniformly affect the different
eucalypt lignin substructures, as revealed by 2D NMR of
the enzymatically isolated lignin. Resinols (B), accounting
for 17% of side-chains in unbleached kraft pulp lignin
and 15% in O-O pulp lignin, were absent from lignin iso-
lated after the laccase mediator treatment. Minor phe-
nylcoumaran (C) substructures in kraft pulp lignin (1%)
were not modified by oxygen delignification. However,
they were absent from the O-O-L lignin, and the same
phenomenon was evident for the terminal sinapyl alcohol
(E) and Cb-oxidized structures (F) that initially represent-
ed 2% of the side chains. The latter were tentatively
assigned according to Balakshin et al. (2003). The p-
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Figure 5 Total HMBC spectra, dC/dH 0–210/0–9 ppm (a, d and g), and expanded, dC/dH 60–210/6–8 ppm (b, e and h) regions
showing correlations between H2,6 and different carbons (dotted lines) in oxidized (S9 and S0) and non-oxidized (S) units (for which
HSQC C2,6-H2,6 cross-signals are visible in c, f and i) of lignins from: (a–c) O-O-a pulp; (d–f) O-O-L pulp; and (g–i) O-O-L-Q-PoP pulp.
Rectangles in a, d and g indicate the region expanded in b, e and h. See Table 4 for signal assignment. Cross-signals for contaminating
PP and a DMAC proton to amide carbon correlation (DMACCON) are visible in a, d and g.
hydroxycinnamyl alcohol structures most probably cor-
respond to sinapyl alcohol because of the S-rich lignin in
eucalypt pulp. The same applies to the resinol substruc-
tures that mainly correspond to syringaresinol, together
with small amounts of pinoresinol and the S-G hybrid
substructure. Spirodienones and dibenzodioxocins were
absent from the eucalypt pulp lignins.
The 2D NMR spectra exhibit xylose and other carbo-
hydrate cross-signals. Our interpretation is that the resid-
ual lignins are in fact lignin-carbohydrate complexes
(Duarte et al. 2001). Cross-signals in residual lignins
before the enzymatic stage revealed ether linkages
between lignin Ca or Cg and polysaccharide primary
hydroxyls (I and J) (Helm et al. 1997; Balakshin et al.
2003). These polysaccharides mainly contained xylose
and glucose units (data not shown), in agreement with
other studies (Capanema et al. 2004a). Therefore, the
above ether linkages are most probably between lignin
and glucopyranose units in eucalypt heteropolysaccha-
rides (Shatalov et al. 1999; Evtuguin et al. 2003). A minor
cross-signal with dC/dH 102/4.9 ppm was assigned to
xylopyranose C1 forming a glycosidic-type linkage with a
phenolic hydroxyl in lignin, as reported by Balakshin
et al. (2001b), but its relative abundance was very low.
The latter authors also suggested that C3 of xylan units
in eucalypt residual lignins could be ether-linked to lignin.
However, the preponderance of benzyl ether linkages
with primary hydroxyls of carbohydrates is well estab-
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Figure 6 FTIR spectra (2000–600 cm-1) of: (a) unbleached kraft
pulp lignin; (b) O-O-a pulp lignin; (c) O-O-L pulp lignin; (d) alkali
lignin recovered after alkaline treatment of the O-O-L pulp; (e)
O-O-L-E pulp lignin; (f) O-O-a-Q-PoP pulp lignin; and (g) O-O-
L-Q-PoP pulp lignin. See the text for band assignment.
Figure 7 Py-GC/MS of lignins from (a) O-O-a pulp and (b) O-
O-L pulp. See Table 3 for peak identification. Minor peaks cor-
responding to phenol, 4-methylphenol, indole and 3-methyl
indole (left to right) are indicated with asterisks, together with
the benzotriazole (BT) peak in b.
lished (Koshijima and Watanabe 2003; Balakshin et al.
2007). Moreover, C3 hydroxyl is often acetylated in euca-
lypt xylan (Evtuguin et al. 2003). Xylan and other carbo-
hydrate cross-signals still showed high intensities after
the laccase mediator treatment, while lignin side-chain
cross-signals strongly decreased. Residual lignin isolated
after the enzymatic treatment was also enriched in ali-
phatic non-oxygenated structures. These could include
either lignin degradation products or complexes with
pulp lipids (L), as indicated by HMBC NMR (alkyl-car-
boxyl correlations with dH -2.2 ppm).
Effect of alkaline peroxide after laccase mediator
treatment of pulp
Hydrogen peroxide is a common reagent in TCF
sequences, often in combination with oxygen. Its action
on pulp lignin has been investigated (Argyropoulos 2001),
including eucalypt pulp in TCF bleaching (Ibarra et al.
2007). The peroxide stage decreased the kappa number
by approximately 3.5 points for both the enzyme-con-
taining and control sequences. Simultaneously, the ISO
brightness increased by 32–33 points. The enhanced
peroxide bleachability of pulps treated with laccase
mediator is known (Sealey et al. 2000; Camarero et al.
2004; Ibarra et al. 2006a). The properties of the final
product (brightness )91% ISO and kappa number 2.4
corrected for the contribution of hexenuronic acids) indi-
cate that the benefits of the laccase mediator stage were
maintained (Ibarra et al. 2006a). A moderate decrease in
pulp viscosity occurred after laccase mediator treatment,
but this was lower than that caused by other delignifying/
bleaching agents, such as O2 or H2O2, and can be pre-
vented by a reductive stage (Camarero et al. 2004).
Alkaline peroxide strongly modified the characteristics
of the O-O-L eucalypt pulp. A pulp bleached by O-O-L
was additionally treated with alkali under PoP conditions
to investigate the action mechanism of the alkaline per-
oxide stage. A strong decrease in kappa number and
modification of residual lignin were observed after this
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Table 5 Py-GC/MS of the lignins isolated from eucalypt pulps in the course of the bleaching sequence including a laccase mediator
stage (O-O-L-Q-PoP) and the control sequence (O-O-a-Q-PoP), as well as the alkali lignin and residual lignin (O-O-L-E) from alkali-
treated pulp.
Mean molar abundance in lignina
Kraft pulp O-O-a O-O-L Alkali O-O-L-E O-O-a-Q-PoP O-O-L-Q-PoP
1. Guaiacol 6.1 6.5 11.9 13.5 5.9 3.8 3.9
2. 4-Methylguaiacol 1.7 1.8 1.5 1.7 1.4 1.5 3.1
3. 4-Vinylguaiacol 6.2 6.3 3.9 2.6 6.4 5.9 5.8
4. Syringol 18.4 19.3 24.8 28.2 18.7 13.8 15.1
5. t-Isoeugenol 3.3 3.2 1.3 2.2 2.5 2.5 2.1
6. 4-Methylsyringol 4.8 4.9 3.2 3.3 4.7 6.0 13.3
7. Vanillin 1.0 1.4 1.3 1.2 1.1 0.8 0.8
8. Propine-guaiacol 1.1 0.5 0.3 0.0 1.5 1.0 0.2
9. 4-Ethylsyringol 1.4 1.9 1.1 1.2 1.6 1.3 3.2
10. Methyl vanillate 0.3 0.3 1.7 1.5 0.0 0.5 0.6
11. Acetoguaiacone 0.8 0.9 4.4 3.8 1.1 0.5 0.4
12. 4-Vinylsyringol 14.5 14.2 7.3 4.9 16.5 18.4 17.0
13. Guaiacyl-acetone 1.5 1.8 2.4 3.7 1.3 1.4 1.7
14. 4-Allylsyringol 2.2 2.4 0.9 0.6 2.0 2.6 2.7
15. c-Propenylsyringol 1.3 1.6 0.7 0.0 1.3 1.5 1.4
16. Propine-syringol 7.7 3.2 3.7 0.0 8.3 8.5 3.4
17. t-Propenylsyringol 8.8 9.7 4.0 2.3 9.2 10.2 9.2
18. Syringaldehyde 3.0 3.4 2.2 2.3 2.6 2.8 2.4
19. Methyl syringate 0.5 0.8 3.5 2.8 0.8 1.3 1.4
20. Acetosyringone 2.6 2.6 7.8 6.5 2.7 2.1 1.3
21. Syringylacetone 5.1 6.6 7.6 13.3 6.7 6.3 7.4
22. Propiosyringone 0.5 0.5 1.2 0.6 0.4 0.3 0.6
23. t-Synapaldehyde 3.4 2.7 0.0 0.0 2.0 4.0 1.2
S/G ratio 3.0 3.0 2.3 2.2 3.5 3.9 4.0
C6-CsO (%)b 16.4 19.4 34.2 38.8 17.1 16.8 16.9
C6-C0-1 (%)c 36.1 38.7 50.2 54.5 35.3 30.6 40.5
aMean molar abundances of Py-GC/MS markers attaining 1% in at least one sample.
bPercentage of markers bearing a carboxyl/carbonyl group.
cPercentage of markers bearing side chains of 0–1 C atoms.
alkaline treatment. The brightness was only slightly
improved. Two-dimensional NMR showed that the solu-
ble alkali lignin was structurally related to the enzymatic
lignin isolated from the O-O-L pulp. It was characterized
by the presence of b-O-49 substructures, and over 25%
of Ca-oxidized units with respect to the total aromatic
units. The latter finding is in agreement with the higher
percentage of oxidized side-chain markers detected by
Py-GC/MS. These results, together with the analysis of
the O-O-L-E residual lignin that had only 10% oxidized
units, as shown by HSQC NMR, reveal that the PoP alka-
line conditions are responsible for the decrease in kappa
number, which is due to alkali removal of the oxidized
lignin formed during the laccase mediator stage. More-
over, the presence of a strongly oxidized lignin fraction,
which will be preferentially recovered during enzymatic
isolation of lignin, explains the structural characteristics
of the O-O-L residual lignin described above. A more
complete study on the effect of laccase-HBT on pulp lig-
nin, including the alkali-extractable fraction and that
remaining in pulp, is not possible owing to the moderate
yield of residual lignin. The need for alkaline treatment for
pulp delignification after oxidative enzymatic treatment is
known from other biobleaching studies (Bourbonnais and
Paice 1996). Release of altered lignin, including Ca-oxi-
dized units, has been described by Balakshin et al.
(2001a) during alkaline extraction of pine pulp treated
with laccase-HBT. The alkali lignin extracted from euca-
lypt pulp treated with laccase mediator was also rich in
carbohydrates, in agreement with results reported by the
latter authors.
The action of hydrogen peroxide was required for a
significant improvement in eucalypt pulp brightness. This
was correlated with a nearly 50% decrease in resinol
substructures (only 6–9% of the side chains left) and
detection of phenylcoumaran (3%) and sinapyl (1–2%)
structures. A very small cross-signal was found after per-
oxide treatment, with dC/dH 80.2/5.49 ppm, correspond-
ing to Ca-Ha in a-O-49/b-O-40 substructures (A¨mma¨lahti
et al. 1998). The peroxide treatment decreased the total
amount of conjugated carbonyls/carboxyls. These chro-
mophoric groups amounted to only 5–7% in the final
residual lignin. Accordingly, conjugated ketones (S9) were
absent, whereas some terminal structures with conjugat-
ed (S0) and non-conjugated (F) carboxyls were still visible
in the 2D NMR spectra. An increase in carboxyls has
been described after peroxide bleaching of other pulps
(Gellerstedt et al. 1999). The high intensity of the FTIR
band around 1720 cm-1 is a clear indication of this (Hort-
ling et al. 1997). We also observed this phenomenon for
the O-O-Q-PoP eucalypt lignin compared to the spec-
trum of the O-O lignin. By contrast, residual lignins after
O-O-L-Q-PoP and O-O-a-Q-PoP sequences failed to
reveal any structural changes that could be correlated to
the improvement in pulp properties after laccase medi-
ator treatment (in particular the brightness increase). This
indicates that no chromophoric groups were specifically
destroyed by the laccase mediator treatment. We sug-
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gest that the improvement in final brightness is mainly
due to a lower lignin content caused by enzymatic
delignification.
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Free and conjugated sterols are among the main
compounds responsible for pitch deposition in the
manufacture of wood chemical pulps, making difficult the
implementation of totally chlorine free bleaching (TCF)
and closure of bleach plant circuits. In thiswork, the suitability
of oxidative enzymes in efficiently removing sterols from
eucalypt pulps is revealed. The enzymatic treatment was
applied as an additional stage of an industrial-type TCF
sequence for bleaching eucalypt kraft pulp. The pulp obtained
after oxygen delignification was treated with a high-
redox potential and thermostable fungal laccase using
1-hydroxybenzotriazole as an enzyme mediator. This pulp
was further submitted to chelation and peroxide stages and
compared with a control TCF pulp obtained using chemical
reagents. The composition of the lipophilic extractives
in the pulps and the corresponding liquids after the different
stages was analyzed by gas chromatography and gas
chromatography-mass spectrometry. Free sitosterol and
sitosterol esters and glucosides, the major lipophilic
compounds in eucalypt pulps, were completely removed
during the laccase-mediator treatment. Only some
intermediate products from sitosterol oxidation remained
after the laccase stage, as well as in the final pulp. Pulp
brightnesswasalso improveddue to the simultaneous removal
of lignin by the laccase-mediator treatment.
Introduction
In the interest of reducing theenvironmental impact of paper
pulp mill effluents, the removal of organochloride com-
pounds has been one of the main issues for the chemical
pulping industry during the past several years. Simulta-
neously, environmental legislationdrives this industry toward
the reduction in water usage and effluent discharge. As a
result, the bleaching process is undergoing a dynamic
development. At present, there are two strong trends in the
processes of bleaching chemical pulps: (1) totally chlorine
free (TCF) bleaching and (2) the closed-cycle mill concept
for attaining zero-liquid effluent (ZLE) operation. Consider-
able progress has been made in minimizing the formation
of chlorinated organics in pulp bleaching by replacing
elemental chlorine, usually with chlorine dioxide (1). More-
over, there are mills already applying TCF bleaching using
combinations of non-chlorine oxidizing chemicals, such as
oxygen, hydrogen peroxide, and ozone. On the other hand,
the attainment of ZLE operation is considered a serious
proposition for many pulp and paper mills (2).
However, some problems have arisen or are being
aggravated with the introduction of the environmentally
sound technologies mentioned above. One of the major
challenges in the closed-cycle TCF mill is the handling of
lipophilic extractives from wood. These compounds ac-
cumulate in the circuits and are deposited in the equipment
and final product, forming the so-called pitch deposits (3).
Moreover, they exert a negative impact in the environment
when released in effluents due to the toxicity of some
extractives (4). During kraft pulpproduction (more than50%
of world pulp production), a large part of the lipophilic
extractives is saponified and removed in the black liquor.
However, some wood extractives, especially free and con-
jugated sterols that are abundant in eucalypt (5) and other
woods, are difficult to remove. Therefore, they are carried
over to the bleach plant where they react with the bleaching
chemicals (6).Unfortunately, theTCFsequencesusingoxygen
andhydrogenperoxidearenot as effective as chlorinedioxide
in removing these compounds.
Existing physicochemical technologies for pitch removal
are far fromsatisfactory. As analternative, biological removal
of wood extractives has been suggested (7). Enzymes have
been successfully applied to softwood mechanical pulping
at mill scale (8). Nevertheless, the commercially available
biotechnological preparations arenot fully effective for pitch
control. This is because they are based on enzymes or
organismsmainly acting on triglycerides. Since triglycerides
are easily hydrolyzed in kraft pulping, lipase treatment is not
of interest in kraft pulpmanufacturing. In addition to lipases,
sterol esterases have been suggested for pitch control (9, 10).
However, free sterols need to be degraded because they are
as problematic as sterol esters. Therefore, more efficient
methods for solving pitch problems caused by non-easily
biodegradable lipophilic extractives are still required.
Recently, the modification of some colloidal substances
in process waters and pulps from softwood mechanical
pulping has been suggested using laccases (11-14). This
group of oxidative enzymes has been the object of high
interest for the development of environmentally sound
technologies (15).Moreover, theuseof laccase in thepresence
of a redox mediator strongly expands their potential in
degradation of lignin and other aromatic compounds (16).
Much work has been done on the laccase-mediator system
for delignification and bleaching of different paper pulps
(17-19). In the work presented here, the suitability of this
system for the removal of lipophilic extractives fromeucalypt
kraft pulps during TCF bleaching is investigated.
Materials and Methods
Eucalypt Pulp. Eucalyptus globulus kraft pulp was obtained
from the ENCE mill in Pontevedra, Spain. The unbleached
(brown) pulp had a kappa number of 14.2 and an ISO
brightness of 41.2%, estimated by ISO methods (20).
* Corresponding author phone: 34 954624711; fax: 34 954624002;
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† Instituto de Recursos Naturales y Agrobiologı´a, CSIC.
‡ Centro de Investigaciones Biolo´gicas, CSIC.
§ ENCE.
Environ. Sci. Technol. 2006, 40, 3416-3422
3416 9 ENVIRONMENTAL SCIENCE & TECHNOLOGY / VOL. 40, NO. 10, 2006 10.1021/es052547p CCC: $33.50 © 2006 American Chemical Society
Published on Web 04/06/2006
127
Fungal Laccase and Mediator. The laccase preparation
used was provided by Beldem (Andenne, Belgium) and
includesamajorprotein (>99%after sodiumdodecyl sulfate-
polyacrylamide gel electrophoresis) with laccase activity (as
revealedby 2,6-dimethoxyphenol stainingof electrophoresis
gels). No esterase activitywas detected after incubationwith
several lipid standards. The enzyme was obtained from
fermentor cultures of a laccase-hyperproducing monokary-
otic strain (ss3) of the fungus Pycnoporus cinnabarinus (that
doesnotproduceextracellularperoxidases)providedby INRA
(Marseille, France) (21) grown in the medium described by
Lomascolo et al. (22). Its biochemical characteristics have
been described previously (23). Activity was measured by
oxidation of 5 mM 2,2′-azinobis(3-ethylbenzothiazoline-6-
sulfonic acid) (ABTS) to its cation radical (436 ) 29 300 M-1
cm-1) in 0.1 M sodium acetate (pH 5) at 24 °C. One activity
unit was defined as the amount of enzyme transforming 1
μmol of ABTS/min. 1-Hydroxybenzotriazole (HBT)wasused
as a mediator.
Pulp Treatment with the Laccase-Mediator System in
aTCFSequence.Pulp treatmentswerecarriedout in stainless
steelpressurized reactorsdesignedatENCEwithanoperation
volume of 4 L and automated stirring, pressure, and
temperature controls, using 200 g of pulp (dry weight) at a
consistency of 10%. The enzyme-mediator treatment, using
laccase (20units/gofpulp) andHBT (1.5%ofpulpdryweight)
at pH4 for 2 h at 50 °Cwith stirring for 1min (60 revolutions/
min) every 30 min, was included in an industrial-type TCF
sequence. The resulting sequence (O-O-L-Q-PoP) in-
cluded two alkaline oxygen stages (O) using pressurized O2
at 98 °C for 1 h, a laccase-mediator stage (L), a chelation
stage (Q) using diethylenetriaminepentaacetic acid (0.3% of
pulp dry weight), and an alkaline peroxide stage (PoP) using
H2O2 (3% of pulp dry weight) for 2.3 h at 105 °C under
pressurized O2, and for 3 h at 98 °C (24). The pulps were
separated from the treatment liquid by filtration and
exhaustively washedwith distilled water after each stage. To
better identify the effects of the laccase-mediator treatment,
a sequence that included a control stage under the same
conditions but without addition of laccase and mediator
(called stage a because of its mild acidic conditions) was
applied. Controls including laccase without mediator, me-
diator alone, denaturized laccase (after 30 min at 100 °C),
anddenaturized laccasewithmediatorwere alsoperformed.
Extraction of Lipids from Pulps and Liquids. Two pulp
samples fromtheenzyme-containing sequence (O-O-Land
O-O-L-Q-PoP pulps) and two samples from the control
sequence (O-O-a and O-O-a-Q-PoP pulps) were ana-
lyzed, together with the corresponding treatment liquids,
and controls. Pulps were air-dried (40 °C until constant
weight), and samples were Soxhlet-extracted with acetone
for 8 h (25). The liquid filtrates were extracted three times
in a separatory funnel with methyl tert-butyl ether (MTBE)
(26) at pH 14. A mass balance of the lipophilic extractives
present inpulps, bleaching filtrates, and totalwashingwaters
(that were not analyzed in other cases because of the large
volumeandhighdilution rate) fromachemicalTCFsequence
was carried out. All extracts were evaporated to dryness and
redissolved inchloroformforanalysisof the lipophilic fraction
bygas chromatography (GC) andgas chromatography-mass
spectrometry (GC-MS).
GCandGC-MSAnalyses of the Lipophilic Extracts.The
extractives from pulps and liquids were analyzed by GC and
GC-MS using short and medium-length high-temperature
capillary columns as previously described (27). Bis(trimeth-
ylsilyl)trifluoroacetamide (BSTFA) silylation, in thepresence
of pyridine, was used when required.
Microscopy Studies. Pulp samples were stained with
filipin and examined by fluorescence microscopy as previ-
ously described (28). Phase contrast images were taken for
identification of pulp elements.
Pulp and Papermaking Evaluation. Pulp and paper
analyseswerecarriedoutby ISOmethods (20). Thebrightness
and kappa number of pulps were evaluated following ISO
3688:1999 and ISO 302:1981, respectively. Before the pa-
permaking evaluation, pulpswere refinedusing a PFI refiner
(ISO 5264/2:2002) operating at 1400 revolutions/min. The
degree of refining was measured by ISO 5267/1:1999 using
distilled water that yields Schopper-Riegler values ap-
proximately 2-fold higher than those obtained at the ENCE
mill using tap water. After pulp disintegration (ISO 5263/1:
2004), paper handsheets were prepared (ISO 5269/1:2005)
with a grammage of ∼65 g/cm2. The tensile index (ISO 1924/
2:1994), the tear index (ISO1974:1990), theair porosityGurley
index (ISO 5636/5:2003), and the light scattering coefficient
(ISO 9416:1998) were evaluated.
Results and Discussion
Eucalypt kraft pulp was treated with the laccase-mediator
system in a laboratory-scale TCF sequence carried out in
pressurized reactors (O-O-L-Q-PoP sequence). This se-
quence reproduced the industrial TCF sequence used for
bleaching E. globulus kraft pulp, with the additional enzy-
matic treatment (stage L). The sequence startedwith oxygen
delignification (twoOstages) andwas completedwith a two-
step peroxide bleaching (stage PoP, with the first step under
pressurized O2) after a chelation treatment (stage Q) to
remove the metals that destroy the peroxide. Pulps and
treatment liquids were collected at different stages of both
the enzyme-containing sequence and the industrial-type
control sequence. The lipophilic extractives were isolated
from pulps and liquids and analyzed using GC, as well as
GC-MS for compound identification. Pulp elements were
examined by fluorescence microscopy after being stained
with filipin, and some selected properties of the pulps and
papers were evaluated.
Lipophilic Extractives in Eucalypt Pulps and Liquids in
aTCFSequence.Thecompositionof the lipophilic extractives
was first analyzed in samples (O-O-a and final pulps) from
the industrial-type TCF sequence (O-O-a-Q-PoP), which
included a control stage under the same conditions of stage
L but without enzyme (stage a) (Figure 1A,B). The corre-
sponding filtrates were also analyzed, and the abundances
of the main lipophilic compounds identified in the pulps
and liquids are listed inTables 1 and2, respectively. Analyses
before stage a (data not shown) confirmed that this control
stagedidnot affect the amountor compositionof extractives.
It can be observed that themajor part of the lipids identified
was present in the pulps, while only a minor fraction was
released to the liquids.
Free sterols, sterol glycosides, and sterol esters were the
main lipophilic compounds in theoxygen-delignifiedO-O-a
pulp and the corresponding liquid, where they represent
80% of total lipids (Tables 1 and 2) together with minor
amounts of steroid hydrocarbons. Sitosterol was the pre-
dominant sterol in both free and conjugated form. The
presence of these lipophilic compounds in eucalypt pulps
andprocesswaterswaspreviously reported (25, 29, 30). They
have their origin in the lipophilic extractives present in
eucalypt wood that survive the cooking and oxygen stages.
On the other hand, someoxidized sterolswere found in both
pulpand liquids. Thepresenceofoxidized steroids inoxygen-
delignified eucalypt pulpwas recently reported (31). A series
of fatty acids was also found, together with minor amounts
of ω-hydroxy fatty acids.
The analysis of pulp and liquids (Tables 1 and 2) at the
end of the TCF sequence (O-O-a-Q-PoP) revealed that
the content of lipophilic extractives (with the exception of
stigmastanol) decreased with respect to that of the O-O-a
pulp, although the composition was not strongly modified
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(fatty andω-hydroxy fatty acidswerepartially removed). This
decrease is due more to dissolution and dispersion of
lipophilic compounds under the alkaline conditions of the
PoP stage than to the action of hydrogen peroxide (32). This
was determined after a thorough mass balance of the
lipophilic extractives present in pulps, bleaching filtrates,
and total washing waters in a classical TCF sequence. This
balance revealed that most (more than 90%) free and
conjugated sterols were unaffected by the Q-PoP stages.
The hydrogen peroxide stage had a minor influence on the
composition of pulp steroids, in agreement with the results
reported for industrial eucalypt pulps (25) and confirmed by
reaction of pure sitosterol with these bleaching agents (33).
In contrast, it has been reported that chlorine dioxide (in
ECF bleaching) extensively degrades unsaturated sterols in
eucalypt pulp (25, 32, 34).
Enzymatic Degradation of Lipophilic Extractives in
Eucalypt Pulps. The laccase-mediator system was investi-
gated for thedegradationof lipophilic extractives in eucalypt
kraft pulp in a TCF sequence. The laccase from P. cinna-
barinus was selected after previous studies (35). In addition
to its high redox potential (19), this enzyme exhibits good
stability against temperature and mediator inactivation, as
revealed by the fact that more than 65% of the initial activity
remained at the end of the pulp treatment. On the other
hand, HBT belongs to the group of -N(OH)- compounds
that includes the most efficient laccase mediators that have
been described (36). Oxygen-delignified pulp was treated
with the laccase-mediator system and then subjected to
peroxidebleaching after a chelation stage. The incorporation
of the laccase-mediator treatment at this point of the
sequence is the result of previous studies in which different
points of incorporation of the enzymatic treatment for
bleaching eucalypt kraft pulpwere investigated (24). TheGC
analysis of the lipophilic extractives from the pulps collected
after the combinationof oxygenand laccase-mediator stages
(O-O-L), and after the complete TCF sequence including
the laccase-mediator stage (O-O-L-Q-PoP), is shown in
panels C and D of Figure 1. When the pulps were treated
with the P. cinnabarinus laccase alone (i.e., without HBT),
no modification of the free and conjugated sterols, in the
eucalypt pulp or treatment liquid, was observed. Negative
resultswerealsoobtained in thecontrolswith thedenaturized
enzyme or mediator alone, as expected.
The main lipophilic compounds described above were
quantified in pulps after the laccase-mediator stage and at
the endof the sequence, and their abundances arepresented
in Table 1, to be compared with that of the industrial-type
sequence. The compounds present in the corresponding
liquid filtrates were also analyzed, and the abundances are
shown in Table 2. These analyses revealed that the main
lipophilic compounds present in the oxygen-delignified
eucalypt pulp, namely, sitosterol, sitosteryl 3-D-glucopy-
ranoside, and sitosterol esters, were completely removed
(98%) by the laccase-mediator treatment, from both pulp
and treatment liquid. The fatty acids and ω-hydroxy fatty
acidsobserved in thepulpwerealso removed toa largeextent.
Only someoxidized steroids arising fromsitosterol oxidation,
namely, stigmastan-3-one, stigmasta-3,5-dien-7-one, and
7-oxositosterol, were identified in the enzymatically treated
pulps (O-O-L and O-O-L-Q-PoP) together with minor
amounts of stigmastanol. Oxidized sterols in the O-O-a
pulp, suchas 7R- and7-hydroxysitosterol and sitostanetriol,
were also removedafter the laccase-mediator treatment, and
small amounts of 7-oxositosteryl 3-D-glucopyranoside ap-
peared. It is interesting to note that the saturated sterol
(stigmastanol), which remainedunaffected after oxygen and
peroxide stages, was degraded (up to 75%) by the laccase-
mediator treatment.
It is possible to conclude that the free and conjugated
sterols surviving oxygen delignification were completely
FIGURE 1. Chromatographic analysis of lipophilic extractives (as trimethylsilyl derivatives) in eucalypt pulps from different stages of the
laccase-containing (right) and control TCF sequences (left): (A) pulp after double oxygen and control stage (O-O-a), (B) final pulp after
the whole control sequence (O-O-a-Q-PoP), (C) pulp after double oxygen and laccase-mediator stages (O-O-L), and (D) final pulp
after the whole enzymatic sequence (O-O-L-Q-PoP). All chromatograms correspond to the same amount of pulp.
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removed by the laccase-mediator treatment. It should be
mentioned that, althoughunsaturated lipids can inprinciple
reactwithoxygen, thecompositionof eucalyptpulp lipophilic
extractives is basically the same before and after the oxygen
stage in thebleachplant (25). This isprobablybecauseoxygen
was not able to penetrate into lipophilic aggregates in pulps
(37). It has been reported that an oxygen partial pressure of
>10 kg/cm2 and temperatures of >150 °C are necessary for
the complete degradation of lipophilic extractives in process
waters using oxygen (38). Since laccases are oxidized by
oxygen,whichacts as the final electronacceptor (15), laccase-
based bleaching can be considered as an enzyme-catalyzed
oxygen delignification stage. In this sense, it is noteworthy
thatpulp treatmentwith the laccase-mediator systemenables
a removal of lipids under mild treatment conditions that is
similar to that obtainedusinghigh temperatures andoxygen
pressures. This is because the high redox potential of the
activated copper species at the enzyme catalytic site enables
thecomplete removalof freeandconjugatedsterolsmediated
by the mediator radicals.
The suitability of laccases alone (without a mediator) for
the degradation and/or modification of some wood extrac-
tives had alreadybeen investigatedusingmodel compounds
(39).Moreover, apartialmodificationof lipophilic extractives
in the colloidal fraction from spruce thermomechanical
pulping (11), the corresponding pulp (13), and a lipid
dispersion containing unsaturated fatty acids (12, 14) have
alsobeen reported, although some results arenot conclusive.
However, the studies presented here provide the first
demonstration of the complete removal of free and conju-
gated sterols responsible for pitch deposition during TCF
bleaching of eucalypt pulp, by an enzymatic treatment that
is basedon the laccase-mediator system.Moreover, no effect
of the laccase alone on pulp free and conjugated sterols was
observed.
Pulp andPaperProperties andSterol Localization after
the Enzymatic TCF Sequence. The effect of the laccase-
mediator treatment on the distribution of free sterols in
eucalypt pulp elements was analyzed by fluorescence
microscopy after filipin staining that specifically reacts with
3-hydroxysterols presenting adouble bond in carbon5, such
as sitosterol (28). This revealed that most of the sitosterol in
the oxygen-delignified eucalypt pulp was located inside the
ray parenchyma cells (Figure 2A,B), whereas fluorescent
signals in fibers were less abundant, and smaller in size and
intensity. Similar results were obtained with the final pulp,
although a decrease in fiber fluorescence was observed (28).
A large decrease in the amount of sitosterol by the laccase-
mediator systemwasshownafter filipin stainingof the treated
pulps (Figure2C,D)comparedwith thecontrols (Figure2A,B).
This removalwas especially evident in the sitosterol deposits
of parenchyma cells that survived the whole TCF bleaching
in the control sequence but were removed in the L stage of
the enzymatic sequence.
TABLE 1. Composition of Lipophilic Extractives from Eucalypt Pulps after Different Stages of the Laccase-Containing
(O-O-L-Q-PoP) and Control (O-O-a-Q-PoP) TCF Sequences (milligrams per kilogram of dried pulp)a
O-O-a O-O-L O-O-a-Q-PoP O-O-L-Q-PoP
total free sterols 140.3 5.5 98.2 3.9
sitosterol 103.1 - 69.3 -
stigmastanol 34.4 5.5 28.1 3.9
fucosterol 2.8 - 0.8 -
total oxidized sterols 11.9 98.5 11.7 49.3
stigmastan-3-one 0.6 3.6 0.2 3.7
stigmasta-3,5-dien-7-one 2.9 24.1 1.1 6.6
7R-hydroxysitosterol 0.8 0.2 2.2 0.2
7-hydroxysitosterol 1.1 0.1 2.2 tr
sitostanetriol 1.0 1.0 0.5 0.5
7-oxositosterol 5.5 69.5 5.5 38.3
total sterol glycosides 17.1 6.9 5.1 0.9
sitosteryl
3-D-glucopyranoside
17.1 - 5.1 -
7-oxositosteryl
3-D-glucopyranoside
- 6.9 - 0.9
sterol esters 95.4 - 41.0 -
steroid hydrocarbons 14.2 2.6 6.1 1.8
total steroids 278.9 113.5 162.1 55.9
total fatty acids 44.5 18.1 3.9 0.7
tetradecanoic acid (FA-14) 2.1 1.7 - -
palmitic acid (FA-16) 4.8 4.6 0.4 tr
linoleic acid (FA-18:2) 2.9 0.7 - -
oleic acid (FA-18:1) 1.4 1.1 - -
stearic acid (FA-18) 2.7 0.5 0.4 tr
eicosanoic acid (FA-20) 2.1 0.5 0.2 tr
docosanoic acid (FA-22) 6.9 2.5 1.2 0.5
tetracosanoic acid (FA-24) 9.4 3.0 1.5 0.2
hexacosanoic acid (FA-26) 9.2 2.8 0.2 tr
octacosanoic acid (FA-28) 3.0 0.7 tr tr
total ω-hydroxy fatty acids 9.7 1.3 - -
22-hydroxydocosanoic
acid (OH-FA-22)
6.3 1.0 - -
24-hydroxytetracosanoic
acid (OH-FA-24)
1.5 0.3 - -
26-hydroxyhexacosanoic
acid (OH-FA-26)
1.9 - - -
total lipids 333.1 132.9 166.0 56.6
a Abbreviations: O, oxygen; L, laccase-mediator system; a, control (stage L without laccase and mediator); Q, chelation; PoP, double peroxide
with the first step under pressurized oxygen; tr, traces; -, not detected.
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Some selected properties of the pulps and papers that
were obtained were assessed (Table 3). Comparison of the
enzymatically treated and control pulps showed that the
kappa number, an estimation of lignin in pulp, significantly
decreased (from 6.7 to 5.2) after the laccase-mediator
treatment, in agreement with previous studies (24). Simul-
taneously, an increase in brightnesswas produced, reaching
91.2% ISO. This can be considered a high brightness level for
TCF-bleached eucalypt pulp. Most paper properties were
onlybarelymodifiedby the laccase-mediator treatment, even
when refined at high Schopper-Riegler degrees (Table 3). An
increase in air permeability was produced, with a concomi-
tant increase in the scatteringcoefficient.Adirect relationship
between the light scattering coefficient and theporosity often
exists, since both properties are functions of fiber surface
characteristics (40). Lipophilic extractives are often respon-
sible for the reduction inpaperporosityandopticalproperties
TABLE 2. Composition of Lipophilic Extractives in Bleaching Liquids from Different Stages of the Laccase-Containing
(O-O-L-Q-PoP) and Control (O-O-a-Q-PoP) TCF Sequences (milligrams per kilogram of dried pulp)a
O-O-a O-O-L O-O-a-Q-PoP O-O-L-Q-PoP
total free sterols 14.3 tr 11.8 2.8
sitosterol 9.5 - 7.3 tr
stigmastanol 3.5 tr 3.3 2.8
fucosterol 1.3 - 1.2 tr
total oxidized sterols 3.6 14.9 1.8 27.1
stigmastan-3-one 0.2 0.5 0.1 0.3
stigmasta-3,5-dien-7-one 0.2 0.9 0.1 2.2
7R-hydroxysitosterol 0.6 - 0.1 0.4
7-hydroxysitosterol 1.0 - 0.6 0.2
sitostanetriol 0.8 tr 0.3 0.4
7-oxositosterol 0.8 13.5 0.6 23.6
total sterol glycosides 1.3 1.8 0.8 0.5
sitosteryl
3-D-glucopyranoside
1.3 - 0.8 -
7-oxositosteryl
3-D-glucopyranoside
- 1.8 - 0.5
sterol esters 1.1 - 5.3 -
steroid hydrocarbons 0.7 0.5 0.8 1.6
total steroids 21.0 17.2 20.5 32.0
total fatty acids 3.5 4.1 4.0 4.4
tetradecanoic acid (FA-14) 0.3 tr 0.2 0.1
palmitic acid (FA-16) 1.4 1.4 1.7 2.1
linoleic acid (FA-18:2) tr tr 0.2 0.2
oleic acid (FA-18:1) tr tr 0.3 0.9
stearic acid (FA-18) 0.8 0.8 0.8 0.4
eicosanoic acid (FA-20) 0.1 0.2 0.1 0.1
docosanoic acid (FA-22) 0.2 0.5 0.3 0.3
tetracosanoic acid (FA-24) 0.5 0.7 0.4 0.3
hexacosanoic acid (FA-26) 0.2 0.5 tr tr
octacosanoic acid (FA-28) tr tr tr tr
total ω-hydroxy fatty acids 0.7 0.8 0.3 tr
22-hydroxydocosanoic
acid (OH-FA-22)
0.1 0.2 tr tr
24-hydroxytetracosanoic
acid (OH-FA-24)
0.4 0.4 0.2 tr
26-hydroxyhexacosanoic
acid (OH-FA-26)
0.2 0.2 0.1 tr
total lipids 25.2 22.1 24.8 36.4
a For abbreviations, see Table 1.
FIGURE 2. Fluorescencemicroscopy (left) and phase contrast (right)
images of oxygen-delignified eucalypt kraft pulp (pitch-containing
parenchyma cells) after the laccase-mediator stage (C and D) and
the corresponding control without laccase and mediator (A and B).
The scale bars are 25 μm.
TABLE 3. Pulp and Paper Properties of Eucalypt Pulps after
the Laccase-Containing (O-O-L-Q-PoP) and Control
(O-O-a-Q-PoP) TCF Sequencesa
laccase
sequence
control TCF
sequence
kappa number 5.2 6.7
brightness (% ISO) 91.2 87.9
tensile index (N m g-1) 92.0 92.5
tear index (mN m2 g-1) 8.6 8.6
Gurley air porosity (s) 290 490
scattering coefficient (m2/kg) 23.0 21.5
a The standard TCF pulp (O-O-Q-PoP) yielded properties similar
to thoseof thecontrol TCFpulp (O-O-a-Q-PoP). Thepaperproperties
wereestimated inhandsheetsobtainedafter4000revolutionPFI refining,
which resulted in a similar refining degree (78-79 °SR) in all cases. For
abbreviations, see Table 1.
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since they are filling the pores in the paper (12). Therefore,
an increase in air permeability, which is beneficial for paper
drying at thepapermachine, canbeproducedby the laccase-
mediator treatment probably due to lipid removal.
Taking together the results of this and other studies (24),
we are able to conclude that the enzymatic treatment of
pulpusing laccases in thepresenceof redoxmediators allows
the simultaneous removal of residual lignin responsible for
pulpcolorandcolor reversionanddetrimental lipids lowering
pulp quality and causing shutdown of mill operation.
Moreover, the results obtained here demonstrate that such
enzymatic treatment could be integrated in the environ-
mentally soundTCFsequences that represent the future trend
in this industrial sector. However, more work is still needed
to lower the prices of enzymes, including the use of genetic
engineering tools (22,41), andmediators, including thesearch
for easily available natural mediators among lignin-derived
compounds or fungal metabolites (42, 43), and adapt the
doseandapplicationconditions to the industrialneedsbefore
the industrial implementationof the laccase-mediator system
becomes a reality.
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In this paper, we show for the first time that lignin-
derived phenols can act as laccase mediators for the
removal of lipophilic compounds from paper pulp. These
natural mediators represent an alternative to synthetic
mediators, such as 1-hydroxybenzotriazole (HBT), that cause
some economic and environmental concerns. Unbleached
kraft pulp from eucalypt wood, which contained free
and conjugated sterols responsible for pitch deposition in
the manufacture of totally chlorine free paper, was
treated with a fungal laccase in the presence of
syringaldehyde, acetosyringone, and p-coumaric acid as
mediators. The composition of lipophilic extractives in the
pulps after the enzymatic treatment followed by a hydrogen
peroxide stage was analyzed by gas chromatography and
gas chromatography/mass spectrometry. The enzymatic
treatment using syringaldehyde as laccase mediator caused
the highest removal (over 90%) of free and conjugated
sitosterol, similar to that attained with HBT, followed by
acetosyringone (over 60% removal), whereas p-coumaric
acid was barely effective. Moreover, recalcitrant oxidized
steroids surviving laccase-HBT treatment could be
removed when using these natural mediators. Pulp
brightness was also improved (from 57% to 66% ISO
brightness) by the laccase treatment in the presence of
the above phenols followed by the peroxide stage due to
the simultaneous removal of lignin.
Introduction
The so-called pitch deposits formed during pulping and
papermaking drastically reduce the quality of the final
product, negatively affect the runnability of the paper
machine, and are responsible for shutdowns of mill opera-
tions, resulting in significant economical losses in this
industrial sector (1). Pitch deposits have their origin in the
lipophilic componentsof the rawmaterial (wood) that survive
thepulpingand/orbleachingprocesses. Pitchproblemshave
been aggravated with the introduction of more environ-
mentally friendly practices such as the reduction in water
usage (andeffluent discharge) and the introductionof totally
chlorine free (TCF) bleaching using combinations of non-
chlorine oxidizing chemicals. Unfortunately, oxygen and
hydrogenperoxideused inTCFsequences arenot as effective
as chlorine reagents, such as chlorine dioxide, neither in
removing these lipophilic compoundsnor inbleachingpulps.
As an alternative to physicochemical treatments that are
not fully satisfactory,biologicalmethodshavebeendeveloped
in the last few years for pitch control, based on the use of
microorganisms or their enzymes (2). Lipases have been
successfully applied to softwood mechanical pulping at mill
scale (3). This technology has wide use in pulp and paper
mills in Japan, and some mills in North America and China
havealsoadopted it. Theseenzymeshydrolyzing triglycerides
are being used by mills producing mechanical pulp from
some raw materials, mainly pine. However, pitch problems
in most of the chemical and mechanical processes using
other raw materials have not been solved yet. This fact has
driven the search for new enzymes to solve the problems
caused by other lipophilic compounds, including free and
conjugated sterols, in addition to triglycerides.
The use of enzymes of the group of laccases (EC 1.10.3.2)
in the presence of compounds acting as redoxmediators has
already been described for the bleaching of different paper
pulps, and very recently the authors showed that it can be
also successfully applied for the removal of the lipophilic
extractives responsible for pitch deposition (4, 5). In these
previous studies the synthetic compound 1-hydroxybenzo-
triazole (HBT) was used as laccase mediator. Since some
issues concerning the use of this and related synthetic
mediators (suchas thehigh cost andpossible toxicity) hinder
its industrial application, the search for natural compounds
that could act as laccase mediators has been considered (6,
7). In the present paper three phenolic compounds related
to lignin, namely p-coumaric acid, syringaldehyde, and
acetosyringone, are investigated as laccasemediators for the
enzymatic removal of pulp lipids causingpitchdeposits. The
use of natural compounds as laccase mediators makes this
enzymatic treatmentmore feasible to be applied in the pulp
and paper industry.
Materials and Methods
Eucalypt Pulp and Black Liquor. Eucalyptus globulus
unbleached kraft pulp, with a kappa number of 15.8, a
brightness of 36.7% ISO, and an intrinsic viscosity of 1239
mL/g; and black liquor were obtained from the ENCE mill
in Pontevedra (Spain).
Fungal Laccase and Mediators. The laccase preparation
was provided by Beldem (Andenne, Belgium), and included
amajorproteinof70kDa (>99%after sodiumdodecyl sulfate/
polyacrylamide gel electrophoresis)with laccase activity.No
esterase activity was detected in the enzyme preparation.
The enzyme was obtained from fermentor cultures of a
laccase-hyperproducing strain of the fungus Pycnoporus
cinnabarinus (8) grown as described by Lomascolo et al. (9).
Its biochemical characteristics have been described previ-
ously (10). Activity was measured by oxidation of 5 mM 2,2′-
azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) to
its cation radical (436 29 300 M-1 cm-1) in 0.1 M sodium
acetate (pH 5) at 24 °C. One activity unit was defined as the
amount of enzyme transforming 1 μmol of ABTS per min.
Syringaldehyde (4-hydroxy-3,5-dimethoxybenzaldehyde), ac-
etosyringone (4-hydroxy-3,5-dimethoxyphenylethanone), and
* Corresponding author phone: 34 954624711; fax: 34 954624002;
e-mail: anagu@irnase.csic.es.
† Instituto de Recursos Naturales y Agrobiologı´a de Sevilla, CSIC.
‡ Centro de Investigaciones Biolo´gicas, CSIC.
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p-coumaric acid (3-(4-hydroxyphenyl)-2-propenoic acid)
were assayed as mediators, and compared with HBT.
Laccase-Mediator Treatments. Pulp treatments with
laccase-mediator were carried out in duplicate using 10 g
(dryweight) ofpulpat 3%consistency (w:w) in50mMsodium
tartrate (pH 4), 200 U of laccase, 6.75 mM concentration of
syringaldehyde, acetosyringone, and p-coumaric acid ac-
cording to previous results (6), and 3.33mMofHBT (all from
Sigma-Aldrich). The treatments were carried out in 500-mL
flasks with O2 bubbling, placed in a thermostatic shaker at
170 rev/min and 50 °C, for 12 h. In a subsequent step, pulps
at 5% consistency (w:w) were submitted to (i) an alkaline
extraction stage using 1.5%NaOH (w:w) referred to pulp dry
weight at 60 °C for 1 h; or (ii) a bleaching stage using 3%
(w:w) H2O2 and 1.5% (w:w) NaOH, both referred to pulp dry
weight, at 90 °C for 2 h. Controls including laccase without
mediator, mediator alone, and denaturized laccase (after 30
min at 100 °C) were also performed.
Lipid Extraction from Pulps. Pulps were air-dried
(40 °C until constant weight) and samples were Soxhlet-
extracted with acetone for 8 h (11). All extracts were
evaporated to dryness and redissolved in chloroform for
analysis of the lipophilic fraction by gas chroma-
tography (GC) and gas chromatography/mass spectrometry
(GC/MS).
FractionationbySolid-PhaseExtraction (SPE). Samples
of the lipophilic extracts frompulpafter the laccase treatment
followed by the peroxide treatment (and controls) were
fractionated by SPE (12, 13) using aminopropyl-phase
cartridges (500mg) fromWaters. The extracts were taken up
in a minimal volume (<0.5 mL) of hexane/chloroform (4:1)
and loaded into the cartridge previously conditioned with
FIGURE 1. GC analysis of lipophilic extractives (as trimethylsilyl ether derivatives) during eucalypt pulp treatment with laccase-mediator
followed by peroxide treatment: (A) control pulp after H2O2 bleaching; (B) pulp after treatment with laccase in the presence of HBT, and
subsequent H2O2 stage; and (C) pulp after treatment with laccase in the presence of syringaldehyde, and subsequent H2O2 stage. All
chromatograms correspond to the same amount of pulp.
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hexane (4mL).The fractioncontainingsterol esterswaseluted
by gravity with 8 mL of hexane.
Saponification of Sterol Esters. The SPE fractions, from
laccase-treated and control pulp, containing sterol esters
were driedunder nitrogen andhydrolyzedby refluxing them
with 0.5 M potassium hydroxide in 90% ethanol for 8 h. The
solutionswere then acidifiedwith 6Mhydrochloric acid and
thoroughly extracted with hexane, dried over anhydrous
sodium sulfate, and the solvent was removed in a rotary
evaporator. Both free sterols and fatty acids were analyzed
by GC and GC/MS.
GC and GC/MS Analyses of the Lipophilic Extracts. The
whole extractives frompulps, as well as the saponified sterol
esters from SPE, were analyzed by GC and GC/MS using
short and medium-length high-temperature capillary col-
umns as previously described (13). Bis(trimethylsilyl)trif-
luoroacetamide (BSTFA) silylation, in the presence of pyri-
dine, was used when required.
Pulp Evaluation. Pulp brightness, kappa number, and
intrinsic viscosity were analyzed following ISO 3688:1999,
ISO 302:1981, and ISO 5351/1:1981 standard methods,
respectively (14).
FIGURE 2. Chemical structures of the main lipophilic extractives found in eucalypt kraft pulp. See Table 1 for names and relative
abundances (structures XII and XIII correspond to sitosteryl linoleate and stigmasta-3,5-diene, respectively).
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GC/MSofBlackLiquor.Lowmolecular-mass compounds
in the industrial black liquor from eucalypt kraft pulping
were isolated by liquid-liquid extraction, and analyzed by
GC/MSusinganHPG1800AGCDsystemwithaDB-5column
(30m× 0.25mm i.d., and 0.25 μmfilm thickness), whichwas
programmed from 50 °C to 100 °C at 30 °C/min and from
100 °C to 300 °C at 5 °C/min. The final temperature was held
for 20 min. Compounds were identified by mass fragmen-
tography, and by comparison with the Wiley and NIST
libraries.
Results and Discussion
In a recent work the authors demonstrated for the first time
that pitch-causing lipophilic extractives could be efficiently
removed from eucalypt kraft pulp by the laccase-mediator
system, using the synthetic compound HBT as a redox
mediator (4). The laccase from P. cinnabarinus was selected
for pulp treatment because its redox potential (around 0.75
V) is among thehighest redoxpotentialsdescribed for laccases
(0.4-0.8 V) (15), high stability against temperature and
mediator inactivation (16), and good results in paper pulp
delignification studies (17). Several natural compoundshave
been suggested as laccase mediators in substitution of
syntheticmediators (6, 7). In the present study, three lignin-
related natural phenols, namely a lignin precursor (p-
coumaric acid) and two lignin degradation products (syrin-
galdehyde and acetosyringone), are investigated as an
alternative to HBT in the removal of problematic pulp lipids
using laccase.
Crude (unbleached) eucalypt kraft pulp was treated with
P. cinnabarinus laccase in the presence of each of the above
mediators, and subsequently bleached with hydrogen per-
oxide. Several controls, including pulp treated with laccase
alone (withoutmediator),werealsoperformed.The lipophilic
compounds in the different pulps were analyzed by GC and
GC/MS. The pattern of lipids in the control crude pulp after
hydrogen peroxide treatment is shown in Figure 1A. The
relative composition of lipids was similar to that previously
reported in TCF eucalypt pulp including free sterols, steroid
ketones, sterol glycosides, sterol esters, and steroid hydro-
carbons (Figure 2) (4). A strong decrease of pulp lipids
was found in the samples treated with laccase in the pre-
sence of both HBT (Figure 1B) and some of the phenolic
mediators, as illustrated in Figure 1C for syringaldehyde,
although differences in the pattern of residual lipids were
observed.
The abundances of the main lipophilic compounds
identified in the pulps treated with laccase and the different
mediators, followedbyperoxidebleaching, are listed inTable
1, compared with the treatment with laccase alone (i.e.,
withoutmediator) and the control pulp (without laccase and
mediator). The results of controls with denaturized enzyme
or mediator alone were the same as those obtained with the
control pulp, as expected.
The GC and GC/MS analyses revealed that the treatment
with laccase in the presence of p-coumaric acid decreased
the sterol esters content by 37%, including sitosteryl linoleate
(compound XII in Figure 2). However, it only scarcely
decreased the content of free sterols (15%) and sterol
glucosides (10%) with respect to the control (compounds
I-III and X, respectively). The above-noted removal of
esterified sterols is similar to that observed with the laccase
alone, and it corresponded mostly to sterol esters of
unsaturated fatty acids, which decreased preferentially over
the saturated ones. Namely, the sterol esters of linoleic and
oleic acids present in eucalypt pulp decreased over 80% and
70%, respectively, after the laccase treatment,while the sterol
esters of stearic and palmitic acids decreased over 20% and
30%, respectively. Thiswas demonstratedby isolating (using
SPE) the fraction containing sterol esters from the lipophilic
extract of the control pulp and the pulp treatedwith laccase,
hydrolyzingboth fractions, anddetermining thecomposition
of free fatty acids by GC and GC/MS. The modification of
free unsaturated fatty acids by laccases has already been
reported (18). In contrast, the treatment of pulpwith laccase
in the presence of either syringaldehyde or acetosyringone
efficiently decreased free sterols (91%and59%, respectively),
sterol esters (92%and52%, respectively), andsterol glucosides
(92% and 56%, respectively). These data showed that the
natural mediator syringaldehyde produces a decrease of
lipophilic extractives similar to thatproducedby the synthetic
mediator HBT. No lipid removal was achieved when the
enzymatic treatment was followed by a simple alkaline
extraction (under the same alkaline conditions used in the
peroxide bleaching) revealing the need for a peroxide stage
after the treatment with laccase and natural mediators.
TABLE 1. Composition of Lipophilic Extractives from Eucalypt Pulp Treated with Laccase in the Presence and Absence of Different
Mediators, Followed by a H2O2 Stage, and Control without Laccase (Quantified by GC and GC/MS as mg/kg Dried Pulp)a
control Lac SAD ACS PCA HBT
total free sterols 273 280 25 113 230 27
sitosterol (I) 222 226 19 83 186 14
stigmastanol (II) 42 44 4 25 37 12
fucosterol (III) 9 10 2 5 7 1
total oxidized sterols 32 53 7 10 43 69
stigmastan-3-one (IV) 0 0 0 1 0 2
stigmasta-3,5-dien-7-one (V) 4 4 2 7 8 17
7R-hydroxysitosterol (VI) 7 13 1 1 6 8
7-hydroxysitosterol (VII) 12 21 1 1 9 4
sitostanetriol (VIII) 3 5 2 0 13 5
7-oxositosterol (IX) 5 10 1 1 7 34
total sterol glycosides 27 27 2 12 24 5
sitosteryl 3-D-glucopyranoside (X) 27 27 2 12 24 2
7-oxositosteryl 3-D-glucopyranoside (XI) 0 0 0 0 0 2
sterol esters (XII) 90 57 7 43 57 2
steroid hydrocarbons (XIII) 22 21 3 11 15 8
total steroids 444 438 45 189 369 110
a Lac, Laccase; SAD, syringaldehyde; ACS, acetosyringone; PCA, p-coumaric acid; HBT, 1-hydroxybenzotriazole. All standard deviations were
below 8% of the mean values presented.
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The mechanism of such reaction is currently under inves-
tigation.
On the other hand, it was observed that the abundance
ofoxidizedsteroidsoriginallypresent in thekraftpulp,namely
stigmastan-3-one, stigmasta-3,5-dien-7-one, and 7-oxosi-
tosterol (compounds IV,V, and IX, respectively) arising from
sitosterol oxidation, increased in the enzymatically treated
pulpswhenusingHBTasmediator, andnewoxidizedsteroids
such as 7-oxositosteryl glucopyranoside (compound XI)
appeared. In contrast,when thepulpwas treatedwith laccase
in the presence of syringaldehyde, sitosterol was removed
without a concomitant production of the above oxidized
sterols.Moreover, those steroidal ketones initially present in
eucalypt pulp also disappeared during the laccase-syrin-
galdehyde treatment. This represents a significant advantage
of the phenolic naturalmediators since their use also results
in removal of the recalcitrant oxidized steroids surviving after
laccase-HBT treatment.
Theeffect of laccase treatment in thepresenceofphenolic
mediators on some selectedproperties of thepulps obtained
were assessed, including kappa number (a rough estimation
of the lignin content in pulp), brightness, and intrinsic
viscosity (an estimationof cellulose integrity), and the results
were comparedwith thoseof the control pulp (Table 2). Pulps
with lower kappa number and increased brightness were
obtainedafter treatmentwith laccase in thepresenceof either
syringaldehyde (1.7 points decrease of final kappa number
and 8.8 points increase of final brightnesswith respect to the
control) or acetosyringone (2.0 points decrease of kappa
number and 8.9 points increase of brightness). However, the
treatment with laccase in the presence of p-coumaric acid
did not improve the eucalypt pulp properties. In fact, an
increaseof kappanumberwasobserved, suggesting coupling
of p-coumaric acid radicals on pulp lignin. Syringaldehyde
and acetosyringone radicals were not involved in coupling
reactions because of the presence of two methoxyl groups
at C3 and C5 positions of the aromatic ring (and absence of
a side-chain conjugated double bond). Therefore, the dif-
ferences observed in pulp lipid (and lignin) removal by these
three phenolic compounds seem inversely related to the
tendency of their phenoxy radicals to undergo coupling
reactions, decreasing the free radical half-life.
Although the improvement of pulp properties using
syringaldehydeandacetosyringoneas laccasemediatorswere
lower than obtained using laccase-HBT, the results shown
confirmed the capabilities of these natural mediators for
delignifying and bleaching eucalypt kraft pulp (19). A loss of
pulp viscosity was found after all the enzymatic treatments;
however, those produced when using the natural mediators
were lower than those caused by laccase-HBT. Similarly to
the lipid removal, no improvement of pulp properties were
observed when the enzymatic treatment was followed by a
simple alkaline extraction revealing again the need of a
peroxide treatment after treating pulp with laccase and
naturalmediators. Thepapermakingpropertiesofpulpswere
not analyzed, but results from previous studies on laccase-
mediator removal of pulp lipids (4) showed no detrimental
effects. Moreover, an increase of paper porosity, a desirable
property for somepaperpulps, is expectedafter lipid removal.
HBT belongs to the group of -N(OH)- compounds that
includes the most efficient laccase mediators described till
now for paper pulp delignification and bleaching (20).
However, several issues remain to be solved before the
industrial implementationof these laccase-mediator systems.
One of the drawbacks is the cost of the synthetic mediators,
which, in principle is difficult to lower enough for economic
application. Another obstacle is related with the possible
toxicity of some of the most powerful laccase mediators,
suchas the-N(OH)- compoundsor their reactionproducts.
Two of the natural phenolic mediators used in the present
study, namely syringaldehyde and acetosyringone, are as
FIGURE 3. GC/MS analysis of low-molecular-mass compounds in the black liquor from kraft pulping of eucalypt wood. Main peaks: 1,
guaiacol; 2, 4-ethylguaiacol; 3, syringol; 4, vanillin; 5, acetovanillone; 6, 4-ethylsyringol; 7, syringaldehyde; 8, acetosyringone; and 9,
propiosyringone.
TABLE 2. Properties of Eucalypt Pulp Treated with Laccase in
the Presence of Different Mediators, Followed by a H2O2
Stage, and Control without Laccasea
control SAD ACS PCA HBT
kappa number 11.2 9.5 9.2 11.7 7.0
brightness (% ISO) 56.9 65.7 65.8 59.1 73.4
intrinsic viscosity (mL/g) 1119 944 970 934 913
a SAD, syringaldehyde;ACS, acetosyringone; PCA,p-coumaric acid;
HBT, 1-hydroxybenzotriazole.
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efficient as HBT at removing sterols from paper pulp. These
two phenolic compounds are potentially cheap, since they
are among the main low-molecular-mass compounds ex-
tractable fromblack liquorsof kraft pulpingof eucalyptwood,
where they represent togethermore than30%of thehexane-
acetone extract analyzed by GC/MS (Figure 3). Therefore,
black liquors from kraft pulping of eucalypt (and probably
also from other hardwoods) could be fractionated in such a
way as to obtain a fraction rich in syringaldehyde and
acetosyringone that could act together as laccase mediators
in pulp treatment. These two phenolic compounds are also
present in effluentwaters fromother pulping processes (21).
Moreover, their use in pulp treatment should not cause
environmental concerns since they are already present in
the process, due to recycling of pulp washing waters, and
they are not associated with toxicity. In fact, lignin-derived
aromatic aldehydes are commercial flavoring agents for food
use.
It can be concluded that some lignin-derived phenols
can be used as efficient alternative redox mediators in the
enzymatic treatment of paperpulpswith laccase. In thisway,
the simultaneous removal of residual lignin responsible for
pulp color and color reversion, and lipids causing important
economic losses due to the formation of detrimental pitch
deposits, canbe achieved. Laccase-mediator treatments can
be successfully integrated in an industrial-type sequence for
TCF bleaching of eucalypt pulp, as it has been recently
reported (22).
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TÍTULO
SISTEMA ENZIMA-MEDIADOR PARA EL CONTROL DE LOS DEPÓSITOS DE PITCH
EN LA FABRICACIÓN DE PASTA Y PAPEL 
SECTOR DE LA TÉCNICA 
La invención va dirigida al sector industrial de producción de pasta y papel, incluyendo empresas 
que utilizan como materia prima tanto madera de frondosas como de coníferas, así como plantas 
herbáceas o arbustivas, y usan procedimientos de fabricación tanto químicos como mecánicos o 
combinaciones de ambos. 
 
 
ESTADO DE LA TÉCNICA 
La fabricación de pastas de papel mediante tecnologías menos contaminantes ha traído consigo 
nuevos problemas en la producción y blanqueo de la pasta. Entre éstos ocupa un lugar importante 
la formación de los denominados depósitos de pitch (en español brea o pez) que reducen 
drásticamente la calidad del producto final, e incluso obligan a la realización de paradas técnicas en 
las máquinas, produciendo graves pérdidas en este sector industrial (Back y Allen. 2000. Pitch 
control, wood resin and deresination, TAPPI Press, Atlanta). Los depósitos de pitch producidos 
durante los procesos de fabricación de pasta y papel son causados por los componentes de la 
fracción extraíble de la materia prima. A menudo otros productos se incorporan a dichos depósitos 
donde los extraíbles actúan como aglomerantes. 
 Los componentes de la fracción extraíble de la madera (aquella que puede ser obtenida 
utilizando tolueno-etanol, diclorometano, acetona u otros disolventes orgánicos) implicados en la 
formación de depósitos de pitch son generalmente de naturaleza lipofílica (solubles en cloroformo 
o hexano) e incluyen grasas, ceras, alcoholes grasos, ácidos grasos, terpenos, esteroles y ésteres de 
esteroles (Hillis, 1962. Wood extractives. Ed: Academic Press, London). La problemática de la 
formación de depósitos de pitch en la fabricación de pasta de coníferas se ha estudiado 
ampliamente debido al uso mayoritario de este tipo de madera en los principales países productores 
de pasta (USA, Canadá y los países nórdicos de la UE). Entre los procedimientos tradicionales 
utilizados para el control del pitch se encuentran: el descortezado de la madera, el almacenamiento 
a la intemperie de troncos o astillas y la adición a las pastas y/o líquidos de proceso de agentes que 
limiten la deposición del pitch (Allen. 2000. Pitch control in pulp mills. En: Pitch control, wood 
resin and deresination, Editado por Back y Allen, TAPPI Press, Atlanta, p. 265-288; y Allen. Pitch 
control in paper mills. En: Pitch control, wood resin and deresination, Editado por Back y Allen, 
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TAPPI Press, Atlanta p. 307-328). Sin embargo, tales métodos no han sido suficientes para 
eliminar los problemas de deposición del pitch en la pasta de papel. 
 Como alternativa a los métodos químicos, se han desarrollado en los últimos años métodos 
biológicos para el control del pitch que se basan en el uso de microorganismos o sus enzimas 
(Gutiérrez et al., 2001. Biotechnological control of pitch troubles in paper pulp manufacturing. Trends 
Biotechnol., 19: 340-348). En la actualidad existen preparados comerciales para inocular la madera 
con microorganismos (Farrell et al., 1993. CartapipTm: A Biopulping Product for Control of Pitch 
and Resin Acid Problems in Pulp Mills. J.Biotechnol., 30: 115-122; Chen et al., 1994. Wood 
extractives and pitch problems: Analysis and partial removal by biological treatment. Appita, 47: 
463-466) y complejos enzimáticos comerciales con actividad lipasa para tratar las pastas de papel. 
 Los métodos enzimáticos usados para reducir los problemas de pitch durante la fabricación de 
pasta de papel se han centrado principalmente en enzimas de tipo hidrolasa (EC 3.1) incluyendo 
lipasas (EC 3.1.1.3) y esterol-esterasas (EC 3.1.1.13). Entre éstas cabe destacar la lipasa 
recombinante producida por Novozymes (anteriormente una división de Novo Nordisk) y 
comercializada con el nombre de Resinase A, y las lipasas de Candida rugosa y Candida
cylindraceae. Los resultados obtenidos tratando pasta mecánica de pino con estas lipasas ponen de 
manifiesto que se hidrolizan los triglicéridos, que son los principales responsables de los depósitos 
de pitch en estas pastas (Fujita et al., 1992. Recent advances in enzymic pitch control. Tappi J., 75: 
117-122; Fischer et al., 1992. Adsorption of lipase on pulp fibers during biological pitch control in 
paper industry. Enzyme Microb.Technol., 14: 470-473). En la actualidad existen varias solicitudes 
de patentes internacionales que describen la posibilidad de utilizar lipasas para reducir los 
problemas de pitch (ocasionados por triglicéridos) en la industria de pasta y papel. En la primera, 
WO9207138, se describe la reducción en el contenido de algunos componentes lipofílicos de la 
madera, principalmente los triglicéridos, al añadir diferentes lipasas durante la fabricación de 
pastas termomecánicas. En la segunda, WO9213130, se describe la utilización de una lipasa que 
resiste temperaturas de alrededor de 70oC. En la tercera, US 5,256,252, se describe un método para 
el control de pitch con lipasa y polímeros catiónicos que captan los ácidos grasos liberados por las 
enzimas. En la cuarta, WO02055679, se describe la reducción de triglicéridos al utilizar variantes 
termoestables de una lipasa comercial (en las que se han conseguido incrementos de más de 15ºC 
en la estabilidad térmica) en la obtención de pasta mecánica o en la producción de papel a partir de 
este tipo de pasta. 
 A pesar de que los problemas de pitch se pueden disminuir en las pastas de coníferas, que 
contienen en sus extractos cantidades importantes de triglicéridos (Fengel et al., 1984. Wood: 
Chemistry, ultrastructure, reactions. Ed: De Gruyter, Berlin ; Rowe, 1989. Natural Products of 
Woody Plants. I and II. Chemicals Extraneous to the Lignocellulosic Cell Wall. Ed: Springer-
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Verlag, Berlin), el tratamiento con enzimas de tipo lipasa no es efectivo para evitar los problemas 
de pitch en las pastas de diferentes frondosas y, en particular, en las pastas kraft de Eucalyptus
globulus (una especie muy utilizada por la industria papelera en España y Portugal) y otras especies 
del mismo género. En los últimos años, las investigaciones llevadas a cabo para caracterizar los 
extraíbles de la madera de eucalipto han puesto de manifiesto que los triglicéridos constituyen una 
fracción pequeña de los extraíbles de Eucalyptus globulus, en los que se han detectado 
principalmente esteroles, ésteres de esteroles y glucósidos de esteroles, responsables de los 
depósitos de pitch en el proceso kraft (del Río et al., 1998. Characterization of organic deposits 
produced in the Kraft pulping of Eucalyptus globulus wood. J.Chromatogr., 823: 457-465; 
Gutiérrez et al., 1999. Chemical composition of lipophilic extractives from Eucalyptus globulus 
Labill. wood. Holzforschung, 53: 481-486; Gutiérrez y del Río 2001. Gas chromatography-mass 
spectrometry demonstration of sterols glycosides in eucalypt wood, kraft pulp and process liquids. 
Rapid Commun. Mass Spectrometry, 15: 2515-2520). Estos compuestos permanecen en la pasta 
después de la cocción kraft y del blanqueo TCF (totalmente libre de cloro) (del Río et al., 2000. 
Analysis of pitch deposits produced in Kraft pulp mills using a totally chlorine free bleaching 
sequence. J.Chromatogr.A, 874: 235-245). Otras especies de frondosas, como el Populus 
tremuloides muy utilizado para la fabricación de pasta de papel en América del Norte, también 
contienen cantidades significativas de esteroles libres y esterificados que dan lugar a similares 
problemas de pitch (Serreqi et al., 2000. Identification and quantification of important steryl esters 
in aspen wood. J.Am.Oil Chem.Soc., 77: 413-418). Por otra parte, estos compuestos también 
forman parte de los extraíbles de la madera de coníferas y alcanzan contenidos importantes en 
algunas de ellas, como es el caso de la madera de Picea abies (Claassen et al. 2000. Rapid analysis 
of apolar low molecular weight constituents in wood using high pressure liquid chromatography 
with evaporative light scattering detection. Phytochem.Anal. 11:251-256; y Serreqi et al., 2000. 
Identification and quantification of important steryl esters in aspen wood. J.Am.Oil Chem.Soc., 77: 
413-418). Los esteroles, ésteres de esteroles y glucósidos de esteroles son problemáticos por su 
resistencia a la hidrólisis química durante la cocción kraft (comparados con los triglicéridos que 
son eliminados en forma de sales de ácidos grasos) pero también dan lugar a problemas de pitch 
durante la fabricación de pastas mecánicas a partir de maderas con alto contenido en estos 
compuestos.  
 Existen varias solicitudes de patentes que mencionan la posibilidad de utilizar otras enzimas de 
tipo hidrolasa, como esterol-esterasas (EC 3.1.1.13), para eliminar ésteres de esteroles durante la 
fabricación de pasta de papel. En la patente WO9423052 se sugiere la posibilidad de utilizar una 
enzima aislada de Pseudomonas fragi en la hidrólisis de compuestos lipofílicos presentes en pasta 
de papel, aunque no se describen las condiciones en que las pastas deberían tratarse ni los 
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resultados tras tratar la pasta con estas enzimas. En la patente WO0053843, se comprueba la 
efectividad de algunos crudos enzimáticos de hongos y bacterias en la degradación de ésteres de 
esteroles en el tratamiento de un líquido de proceso de pasta termomecánica de madera de Picea 
abies y se indica la posibilidad de utilizar estos crudos en combinación con la lipasa comercial 
Resinase A® (que, como se mencionó anteriormente, sólo hidroliza glicéridos). En esta patente se 
menciona la posibilidad de que los crudos enzimáticos de hongos y bacterias puedan tener además 
de actividad esterol-esterasa, actividad lipasa, hemicelulasa, pectinasa y “ligninasa”, aunque no se 
realiza ningún ensayo para comprobar si existen estas actividades. En la patente WO02075045 se 
describe una esterol-esterasa del hongo de tipo ascomiceto Ophiostoma piceae que es capaz de 
hidrolizar simultáneamente triglicéridos y ésteres de esteroles, por lo que puede usarse tanto en los 
procesos mecánicos que usan coníferas, como en los procesos químicos que usan frondosas. Sin 
embargo, el uso de esterol-esterasas, aunque produce una hidrólisis de los ésteres de esteroles, lleva 
aparejada la liberación de esteroles libres, que son incluso más perjudiciales y tienen mayor 
tendencia a la formación de depósitos de pitch que los ésteres debido a su pegajosidad.  
 Existe otra patente (WO9216687) que utiliza un método enzimático para reducir los problemas 
de pitch mediante el uso de celulasas/hemicelulasas. Se trata de un método para reducir los 
depósitos de pitch asociados a las pastas mecánicas mediante el tratamiento de la pasta y/o los 
líquidos de proceso con las enzimas mencionadas. Este procedimiento mejora algunas de las 
propiedades mecánicas de la pasta, como el drenaje y reduce los problemas de pitch en la pasta y la 
maquinaria. Sin embargo, en esta patente no se detalla si se eliminan los compuestos responsables 
de la formación de depósitos de pitch, ni el mecanismo por el que esta eliminación se llevaría a 
cabo. En la patente WO03035972 se describe el uso de oxigenasas (concretamente lipoxigenasas) 
que actúan sobre ácidos grasos insaturados y reducen la deposición del pitch, probablemente a 
través de reacciones de peroxidación. Sin embargo, en esta patente sólo se muestra la acción de 
estas enzimas sobre los ácidos grasos y no se indica si se eliminan los otros compuestos 
responsables de la formación de depósitos de pitch mencionados anteriormente (ácidos resínicos, 
alcoholes grasos, terpenos y esteroles libres y conjugados). Finalmente, en la patente 
JP2000080581 se describe el uso de peroxidasas de microorganismos o plantas en presencia de 
peróxido de hidrógeno y de mediadores para actuar sobre el ácido abiético pero no se aportan 
muchos detalles sobre los resultados obtenidos. 
 Los métodos enzimáticos descritos más arriba han sido usados con más o menos fortuna por 
distintas empresas productoras de pasta de papel que usan procesos específicos (fundamentalmente 
mecánicos) y determinadas materias primas (fundamentalmente pino). Sin embargo, los problemas 
de pitch aún no han podido ser evitados durante la fabricación de pasta de papel en la mayor parte 
de los procesos (bien químicos o mecánicos) que utilizan otros tipos de materias primas. Este 
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hecho ha desencadenado la búsqueda de nuevas enzimas que puedan utilizarse para reducir 
significativamente o eliminar completamente los problemas de pitch, cuyos resultados son el objeto 
de la presente invención. 
 Las enzimas de tipo lacasa (también denominadas fenoloxidasas), en presencia de compuestos 
que actúan como mediadores redox, han sido descritas para el blanqueo de diferentes tipos de pasta 
de papel (incluyendo las patentes WO 9429510, WO9501426, WO9954545 y WO03052201) pero 
no se ha descrito su uso para la eliminación de los compuestos extraíbles que causan los depósitos 
de pitch en diferentes procesos de fabricación y blanqueo de pastas de papel. En el presente estudio 
se ha encontrado, inesperadamente, que el sistema enzima-mediador, que actúa eliminando los 
compuestos derivados de la lignina responsables del color de las pastas, también actúa con gran 
eficacia sobre los compuestos lipofílicos responsables de la formación de los depósitos de pitch. De 
esta forma, utilizando la invención aquí descrita, es posible: i) eliminar de las pastas y/o líquidos de 
proceso hasta un 100% de los esteroles libres, ésteres de esteroles, glicósidos de esteroles, 
triglicéridos, ácidos grasos, ácidos resínicos y alcoholes grasos (procedentes de la fracción 
extraíble de la materia prima), ii) reducir los problemas de depósitos de pitch en las pastas de papel 
y en la maquinaria causados por estos compuestos; y iii) reducir los costos en los procesos 
industriales de fabricación de pasta y papel. La eliminación enzimática de los compuestos 
responsables de la formación de depósitos de pitch presentes en las pastas y líquidos de proceso 
redunda en una mejora de la calidad del producto final. El tratamiento enzimático puede reducir, o 
incluso eliminar, el número de interrupciones debidas a los depósitos de pitch en los procesos 
industriales de fabricación de pasta y papel, con el consiguiente ahorro de tiempo y energía y 
aumento de la producción. Asimismo, el tratamiento enzimático puede mejorar el drenaje de la 
pasta y, en consecuencia, dar lugar a un mejor comportamiento de la pasta en la máquina de papel. 
Igualmente puede mejorar las características de impresión del papel obtenido. 
 
EXPLICACIÓN DE LA INVENCIÓN 
El objeto de la presente invención es un sistema enzima-mediador donde la enzima es una enzima 
oxidativa del grupo de las lacasas (EC 1.10.3.2) y el mediador es un compuesto químico que actúa 
como un intermediario redox en la oxidación enzimática, para el control enzimático de los 
compuestos lipofílicos responsables de la formación de los denominados depósitos de pitch durante 
la fabricación de pasta de papel. Los compuestos lipofílicos sobre los que actúa dicho sistema 
enzima-mediador son todos o algunos de los siguientes compuestos: esteroles libres, esteroles 
conjugados en forma de ésteres y glicósidos, triglicéridos, alcoholes grasos y ácidos resínicos. 
 La lacasa del sistema enzima-mediador puede ser una enzima de origen vegetal, microbiano o 
fúngico. Ejemplos apropiados de lacasas fúngicas incluyen las lacasas de especies de Aspergillus, 
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Neurospora (p.ej., Neurospora crassa), Podospora, Botrytis, Collybia, Fomes, Lentinus, Pleurotus, 
Trametes (p.ej., Trametes villosa and Trametes versicolor), Rhizoctonia (p.ej., Rhizoctonia solani), 
Coprinus (p.ej.., Coprinus cinereus, Coprinus comatus, Coprinus friesii, y Coprinus plicatilis), 
Psathyrella (p.ej., Psathyrella condelleana), Panaeolus (p.ej.., Panaeolus papilionaceus), 
Myceliophthora (p.ej., Myceliophthora thermophila), Schytalidium (p.ej., Scytalidium 
thermophilum), Polyporus (p.ej., Polyporus pinsitus), Phlebia (p.ej., Phlebia radiata), Pycnoporus 
(p.ej. Pycnoporus cinnabarinus) o Coriolus (p.ej., Coriolus hirsutus). Ejemplos apropiados de 
lacasas de bacterias incluyen lacasas de especies de Bacillus.
 Las enzimas de tipo lacasas preferidas son las obtenidas de cultivos de hongos del grupo de los 
basidiomicetos ligninolíticos, preferentemente a partir de cepas monocarióticas o dicarióticas de 
Pycnoporus cinnabarinus o especies próximas. Dichas cepas de Pycnoporus cinnabarinus son 
seleccionadas por su elevada capacidad para secretar lacasa, por ejemplo Pycnoporus cinnabarinus 
CECT 24448 (= IJFM A720, de la Colección de Cultivos de Hongos del Centro de Investigaciones 
Biológicas, Consejo Superior de Investigaciones Científicas, Madrid, España). Esta cepa ha sido 
depositada bajo los términos del Tratado de Budapest en la Colección Española de Cultivos Tipo 
(CECT), Universidad de Valencia, Edificio de Investigación, Campus de Burjasot, E-46100 
Burjasot, Valencia, España, con fecha de 31 de Octubre de 2001.  
 La lacasa también puede ser una enzima recombinante, obtenida mediante expresión del gen (o 
cDNA) de una lacasa de interés utilizando un sistema de expresión adecuado. 
El mediador redox del sistema enzima-mediador puede ser un compuesto sintético, 
preferentemente 1-hidroxibenzotriazol (HBT) u otros compuestos de tipo N-OH, o un mediador 
natural, preferentemente producido por hongos, o una especie química estructuralmente 
relacionada con dichos metabolitos fúngicos. Igualmente, el mediador redox puede ser un 
compuesto natural formado durante la degradación de la lignina, preferentemente ácido 4-
hidroxibenzoico, ácido p-cumárico, vainillina, siringaldehído, acetosiringona o diferentes 
hidroquinonas y especies químicas estructuralmente relacionadas. 
 Asimismo, otro objeto de la presente invención lo constituye un procedimiento para el control 
enzimático de los compuestos lipofílicos responsables de la formación de los denominados 
depósitos de pitch durante la fabricación de pasta de papel (incluyendo esteroles libres, esteroles 
conjugados en forma de ésteres y glicósidos, triglicéridos, alcoholes grasos y ácidos resínicos), que 
utiliza el sistema enzima-mediador descrito anteriormente. Dicho procedimiento puede aplicarse 
sobre la pasta de papel (antes o después del blanqueo) o sobre los líquidos de proceso procedentes 
de la cocción, el lavado o el blanqueo de la pasta de papel, consiguiendo hasta un 100% de 
eliminación de dichos compuestos lipofílicos, además de eliminar aditivos indeseables, tales como 
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antiespumantes, y tintas de papel reciclado, dando como resultado mejoras tanto en el proceso 
como en el producto final. 
 Este procedimiento puede utilizarse cuando la pasta de papel procede de madera de frondosas 
(angiospermas leñosas), incluyendo eucalipto, chopo, álamo, abedul o acacia, en concreto madera 
proveniente de las especies Eucalyptus globulus, Eucalyptus camaldulensis, Eucalyptus grandis, 
Populus tremula, Populus tremuloides, Betula pendula, Betula tremula o Acacia mangium. 
Asimismo, este procedimiento puede utilizarse cuando la pasta de papel procede de madera de 
coníferas (gimnospermas leñosas), incluyendo especies de los géneros Picea y Pinus, y en concreto 
Picea abies, Pinus sylvestris, Pinus taeda, Pinus contorta o Pinus virginiana. Igualmente este 
procedimiento puede utilizarse cuando la pasta de papel procede de plantas herbáceas o arbustivas, 
incluyendo subproductos agrícolas. Dichas plantas pueden pertenecer tanto al grupo de las 
dicotiledóneas (incluyendo, entre otras, lino, cáñamo, kenaf, algodón y yute) como al de las 
monocotiledóneas (incluyendo, entre otras, sisal, abacá, miscanto, esparto, trigo, bambú y bagazo 
de caña de azúcar). Dentro del grupo de las dicotiledóneas, se incluyen, entre otras, Linum
usitatissimum, (lino), Cannabis sativa (cáñamo) Corchorus capsularis y Corchorus olitorius (yute) 
y en el de las monocotiledóneas se incluyen, entre otras, Agave sisalana (sisal) y Musa textilis 
(abacá). 
 El procedimiento, objeto de la presente invención puede ser utilizado cuando la pasta de papel 
se fabrica mediante los procedimientos de pasteado denominados mecánicos, incluyendo pastas 
obtenidas mediante molienda de troncos, mediante molienda de astillas en refinadores, y mediante 
métodos termomecánicos. En estos casos la pasta mecánica se trata con peróxido de hidrógeno, 
ditionito u otros reactivos para la obtención de papeles blanqueados. Igualmente, dicho 
procedimiento puede ser utilizado cuando la pasta de papel se fabrica mediante los procedimientos 
de pasteado denominados químicos, incluyendo cocción kraft, cocción a la sosa (con o sin adición 
de antraquinona como catalizador) o cocción al sulfito, y mediante una combinación de los 
procedimientos de pasteado denominados mecánicos y químicos. En estos dos últimos casos la 
pasta de papel se blanquea por los procedimientos denominados TCF (totalmente libres de cloro), 
ECF (libres de cloro elemental) u otros. 
 La pasta de papel sobre la que se aplica el presente procedimiento, también puede ser obtenida 
mediante reciclado de papel viejo, procedente de diferentes materias primas originales. 
 En una realización particular de la invención el sistema enzima-mediador se aplica durante la 
fabricación de pasta kraft de madera de Eucalyptus globulus blanqueada mediante procedimientos 
TCF o ECF. 
 La aplicación del sistema enzima-mediador utilizado para el control enzimático del pitch se 
realiza sobre la pasta en distintos momentos del proceso, bien tras la cocción, bien durante el 
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blanqueo o bien al término de éste. La concentración de lacasa aplicada en este procedimiento está 
comprendida entre 0,01 y 250 U (= Unidades Internacionales, definidas como la cantidad de 
enzima que oxida 1 μmol/min del ácido 2,2’-azino-bis(3-etilbenzotiazolin-6 sulfónico), ABTS) por 
gramo de pasta, y preferentemente entre 0,01 y 200; 0,01 y 150; 0,01 y 100; o entre 0,01 y 50 U/g 
de pasta. Más preferentemente la lacasa se usa en una concentración entre 0,1 y 100; 0,1 y 75; 0,1 y 
50; o entre 0,1- 25 U/g de pasta. Mientras que el mediador se aplica a una concentración entre 0,1% 
a 10% (p/p, respecto a peso seco de pasta), más preferentemente en una concentración de 0.1% a 
8%; 0,1% a 6%; 0,1% a 5%; 0,1% a 4%; o más preferentemente a una concentración de 1% a 3% 
(p/p, respecto a peso seco de pasta).  
 Asimismo, la aplicación del sistema enzima-mediador puede realizarse sobre los líquidos de 
proceso procedentes de la cocción, el lavado de la pasta, o el blanqueo de la misma. En este caso, la 
lacasa puede ser aplicada en forma libre o inmovilizada en un soporte adecuado, a una 
concentración comprendida entre 0,1-1000 U/l de líquido de proceso, preferentemente entre 0,1 y 
800 U/l; entre 0,1 y 600 U/l; entre 0,1 y 400 U/l; entre 0,1 y 200 U/l; o entre 0,1 y 100 U/l. El 
mediador se aplica a una concentración comprendida entre 0,1 g/l y 10 g/l, preferentemente a una 
concentración de 0,1 a 8, 6, 5 o 4 g/l; más preferentemente en una concentración de 1 g/l a 3 g/l. 
 La temperatura de aplicación del sistema enzima-mediador está comprendida entre 4ºC y 90ºC, 
entre 4ºC y 85, 80, 75, 70 o 65ºC; preferentemente entre 10 y 90ºC, entre 20 y 90ºC, más 
preferentemente de 30ºC a 60ºC, el pH entre 3 y 9, y más preferentemente entre 3,5 y 6,5, y con 
una duración entre 10 minutos y 24 horas, y más preferentemente entre 30 minutos y 6 horas. 
 El sistema lacasa-mediador puede usarse para el control del pitch también en combinación con 
otras enzimas, más específicamente en combinación con lipoxigenasas que oxidan lípidos 
insaturados generando radicales lipídicos, y lipasas que hidrolizan triglicéridos y otros ésteres de 
ácidos grasos. 
 
BREVE DESCRIPCIÓN DE LAS FIGURAS 
Las siguientes seis Figuras ilustran los tres Ejemplos presentados a continuación. 
Figura 1. Cromatogramas obtenidos mediante el análisis por cromatografía de gases de los 
extractos lipofílicos silanizados de una pasta kraft de eucalipto (Eucalyptus globulus) control (A) y 
de dicha pasta tras tratamiento con lacasa en presencia del mediador HBT (B). 
Figura 2. Imágenes de microscopía electrónica de barrido de baja temperatura (crio-SEM) de una 
pasta kraft de eucalipto (Eucalyptus globulus) control (A) y de dicha pasta tras tratamiento con 
lacasa en presencia del mediador HBT (B). Las barras corresponden a 200 m. 
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Figura 3. Imágenes de microscopía de fluorescencia (izda.) y los correspondientes controles en 
contraste de fases (dcha.) de una pasta kraft de eucalipto (Eucalyptus globulus) control (A y B) y 
de dicha pasta tras tratamiento con lacasa en presencia del mediador HBT (C y D).  
Figura 4. Cromatogramas obtenidos tras análisis por cromatografía de gases de los extractos 
lipofílicos silanizados de la pasta de Picea abies control (A) y de dicha pasta tras tratamiento con 
lacasa en presencia del mediador HBT (B). 
Figura 5. Cromatogramas obtenidos tras análisis por cromatografía de gases de los extractos 
lipofílicos silanizados de la pasta de lino control (A) y de dicha pasta tras tratamiento enzimático 
con lacasa en presencia del mediador HBT (B). 
Figura 6. Cromatogramas obtenidos mediante el análisis por cromatografía de gases de los 
extractos lipofílicos silanizados de una pasta kraft de eucalipto (Eucalyptus globulus) después del 
tratamiento con lacasa en presencia de siringaldehído como mediador y posterior blanqueo con 
peróxido de hidrógeno (B) y el correspondiente control sin lacasa ni mediador (A).  
 
DESCRIPCIÓN DETALLADA DE LA INVENCIÓN  
El objeto de la presente invención es el control enzimático de los depósitos de pitch mediante el 
uso de enzimas oxidativas del grupo de las lacasas (EC 1.10.3.2; también llamadas fenoloxidasas) 
en presencia de mediadores redox como el 1-hidroxibenzotriazol (HBT) que aumentan la eficacia 
de la enzima, durante los procesos de fabricación de pasta de papel en los que la madera utilizada 
como materia prima es madera de frondosas (angiospermas leñosas), en particular especies de 
eucalipto, chopo, álamo, abedul o acacia y más en particular de Eucalyptus globulus, Eucalyptus 
camaldulensis, Eucalyptus grandis, Populus tremula, Populus tremuloides, Betula pendula, Betula 
tremula y Acacia mangium. Asimismo puede aplicarse el procedimiento de la invención cuando la 
materia prima utilizada es madera de coníferas (gimnospermas leñosas), en particular especies de 
pino o Picea y más en particular de Pinus sylvestris, Pinus taeda, Pinus contorta, Pinus virginiana, 
o Picea abies. También puede aplicarse esta invención cuando la materia prima utilizada procede 
de diferentes plantas herbáceas o arbustivas, que incluyen tanto especies del grupo de las 
dicotiledóneas, entre otras lino (Linum usitatissimum), cáñamo (Cannabis sativa), kenaf (Hibiscus 
cannabinus), algodón (Gossypium spp) y yute (Corchous spp), como de las monocotiledóneas, 
entre otras sisal (Agave sisalana), miscanto (Miscanthus sinensis), abacá (Musa textilis), esparto 
(Stipa tenacissima), curauá (Ananas erectifolius), bambú (Bambusa sp.) y bagazo de caña de 
azúcar (Saccharum officinarum), así como diferentes subproductos agrícolas. Asimismo, esta 
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invención puede aplicarse cuando la materia prima utilizada es papel viejo o reciclado. En este 
caso, además de la eliminación de los compuestos que forman los depósitos de pitch, será posible 
contribuir a la eliminación de tintas, aditivos y otros compuestos indeseables presentes en la pasta 
de papel reciclado. 
 El sistema lacasa mediador para el control del pitch es aplicable cuando la pasta de papel se 
fabrica mediante los diversos procedimientos de pasteado: mecánicos (incluyendo molienda de 
troncos, molienda de astillas en refinadores y métodos termomecánicos), químicos, incluyendo 
cocción kraft, cocción a la sosa (con o sin adición de antraquinona como catalizador) y cocción al 
sulfito, o combinaciones de métodos mecánicos y químicos. Es asimismo compatible con los 
diversos métodos de blanqueo incluyendo secuencias ECF (libres de cloro elemental) y TCF 
(totalmente libres de cloro).  
 En la presente invención se puede utilizar cualquier enzima pudiendo ser una lacasa de origen 
vegetal, microbiano o fúngico, específicamente una lacasa obtenida de cultivos de hongos del 
grupo de los basidiomicetos ligninolíticos, y más específicamente a partir de cepas monocarióticas 
o dicarióticas de Pycnoporus cinnabarinus y especies próximas seleccionadas por su elevada 
capacidad para secretar lacasa, incluyendo Pycnoporus cinnabarinus CECT 24448 (= IJFM A720) 
entre otras. También se puede utilizar una enzima recombinante obtenida mediante expresión del 
gen (o cDNA) que codifica una lacasa de interés utilizando un sistema de expresión heteróloga 
adecuado.  
 El tratamiento enzimático se realiza en presencia de mediadores redox. Los mediadores a 
utilizar durante el tratamiento pueden ser compuestos sintéticos como el HBT u otros de tipo N-
OH, o compuestos naturales sintetizados por hongos como el ácido 4-hidroxiantranílico entre otros, 
o especies químicas estructuralmente relacionadas, o compuestos naturales formados durante la 
degradación de la lignina, como ácido 4-hidroxibenzoico, ácido p-cumárico, siringaldehído, 
vainillina, acetosiringona, o diferentes hidroquinonas y especies químicas estructuralmente 
relacionadas. 
 El tratamiento con el sistema lacasa-mediador se aplica a la pasta después de la cocción, durante 
el blanqueo, o al término de éste, a una temperatura comprendida entre 4ºC y 90ºC, 
preferentemente entre 30ºC y 60ºC, y un pH entre 3 y 9, preferentemente entre 3,5 y 6,5 por un 
tiempo entre 10 minutos y 24 horas, preferentemente entre 30 minutos y 6 horas. La concentración 
de lacasa está comprendida entre 0,01 y 250 U/g de pasta, preferentemente entre 0,1 y 25 U/g de 
pasta, y la concentración de mediador está comprendida entre 0.1% y 10% (referida a peso seco de 
pasta), preferentemente entre 1% y 3%, consiguiéndose una eliminación de compuestos lipofílicos, 
estimada por cromatografía de gases con detector de llama y cromatografía de gases acoplada a 
espectrometría de masas, de hasta el 100% de esteroles libres, ésteres de esteroles, glucósidos de 
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esteroles, ácidos resínicos, triglicéridos y otros extraíbles lipofílicos. Otras condiciones preferidas 
son las arriba mencionadas (en la sección de explicación de la invención). Las unidades y dosis son 
también los definidos anteriormente. 
 Cuando el procedimiento se aplica a los líquidos de proceso procedentes de la cocción, el lavado 
de la pasta o el blanqueo de la misma, el tratamiento enzimático se aplica igualmente a una 
temperatura comprendida entre 4ºC y 90ºC, preferentemente entre 30ºC y 60ºC, y un pH entre 3 y 
9, preferentemente entre 3,5 y 6,5 por un tiempo entre 10 minutos y 24 horas, preferentemente 
entre 30 minutos y 6 horas. La concentración de lacasa está comprendida entre 0,1–1000 U/l de 
líquido de proceso, preferentemente con la enzima inmovilizada sobre un soporte adecuado, y la 
concentración de mediador está comprendida entre 0,1-10 g/l, preferentemente entre 1-3 g/l, 
consiguiéndose una eliminación de los esteroles, ésteres de esteroles, glucósidos de esteroles, 
ácidos resínicos, triglicéridos y otros extraíbles lipofílicos de hasta el 100%. Otras condiciones 
preferidas son las arriba mencionadas en la sección de la explicación de la invención. 
 El porcentaje de eliminación enzimática de compuestos lipofílicos se determina por 
cromatografía de gases de los extractos de las pastas tratadas y los líquidos de tratamiento. Este 
procedimiento incluye las siguientes fases: i) la pasta tratada con enzima-mediador (y una muestra 
no tratada, como control) es filtrada, secada y extraída con acetona en un Soxhlet durante 8 h; ii) 
los líquidos de filtrado son extraídos en un embudo de decantación con metil-tert-butil éter; iii) 
todos los extractos se evaporan a sequedad y se redisuelven en cloroformo para el análisis de la 
fracción lipofílica por cromatografía de gases  y cromatografía de gases/espectrometría de masas, 
tras derivatización con bis(trimetilsilil)trifluoroacetamida (BSTFA) cuando es necesario. 
 
MODOS DE REALIZACIÓN DE LA INVENCIÓN 
La presente invención se ilustra adicionalmente mediante los siguientes ejemplos, los cuales no 
pretenden ser limitativos de su alcance. 
 
Ejemplo 1. Tratamiento de pasta kraft de eucalipto con lacasa (de Pycnoporus cinnabarinus)
y HBT (1-hidroxibenzotriazol)  
Para comprobar la efectividad del tratamiento de la pasta de eucalipto con el sistema lacasa-
mediador en la eliminación de los compuestos responsables de la formación de depósitos de pitch, 
se utilizó pasta kraft de eucalipto (Eucalyptus globulus) que contiene esteroles libres, ésteres de 
esteroles y glucósidos de esteroles. 
 La lacasa utilizada en este y en los siguientes ejemplos se obtuvo en fermentadores de 1 m3 con 
cultivos de una cepa de Pycnoporus cinnabarinus productora de lacasa, como CECT 24448 (= 
IJFM A720), crecida según describen Herpoël et al. (Herpoël et al. 2000, Selection of Pycnoporus
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cinnabarinus strain for laccase production, FEM Microbiol. Lett. 183: 301-306). Una unidad de 
actividad lacasa se definió como la cantidad de enzima que oxida un mol/min del ácido 2,2’-
azino-bis(3-etilbenzotiazolin-6-sulfónico) (ABTS) al correspondiente radical catiónico, a 24ºC. 
 Partimos de una pasta inicial cruda con un índice kappa 14. Esta pasta se sometió a una etapa de 
doble oxígeno en la que se usó una presión de 6 kg/cm2 de oxígeno en condiciones alcalinas. Esta 
pasta a se sometió continuación a la etapa de tratamiento con lacasa-mediador. Para ello, 200 g 
(peso seco) de pasta deslignificada con oxígeno, a una consistencia del 10%, se trataron en un 
reactor de 4-litros con 20 U de lacasa/g de pasta, 4000 U/reactor (82 ml de lacasa con actividad de 
50 U/ml de crudo) a 50ºC y pH 4, durante 120 minutos en presencia de HBT al 1.5% (p/p), con una 
agitación de 1 minuto cada 10 minutos (a 60 rpm). Para identificar mejor los resultados del 
tratamiento con lacasa-mediador, se aplicó una segunda secuencia incluyendo una etapa control en 
las mismas condiciones pero sin adición de lacasa ni mediador (llamada etapa “a” debido a que se 
realizó en condiciones ácidas suaves, a pH 4). 
 Las pastas tratadas enzimáticamente así como los correspondientes controles se filtraron, 
secaron y extrajeron en Soxhlet con acetona durante 8 h. Asimismo, los líquidos obtenidos tras el 
filtrado de las pastas tratadas enzimáticamente así como los correspondientes controles se 
extrajeron con metil-tert-butil-éter. La fracción extraíble de pastas y líquidos se secó con nitrógeno 
y los compuestos solubles en cloroformo se analizaron y cuantificaron por cromatografía de gases 
y cromatografía de gases acoplada a espectrometría de masas previa derivatización con bis-
trimetilsililtrifluoroacetamida (BSTFA) en presencia de piridina. Los compuestos lipofílicos se 
analizaron en un cromatógrafo Agilent Technologies 6890N Network GC system, equipado con un 
detector de llama y una columna capilar de sílice de 5 m x 0,25 mm y 0,1 m de espesor de 
película (DB-5HT de J & W Scientific) utilizando helio como gas portador. Las temperaturas del 
inyector y el detector fueron de 300ºC y 350ºC respectivamente. El horno se programó de 100ºC (1 
minuto) a 350ºC (3 minutos) a 15ºC /minuto. El análisis por cromatografía de gases-espectrometría 
de masas se llevó a cabo en un equipo Varian Saturn 2000 con detector de trampa de iones, usando 
una columna capilar de sílice de 12 m x 0,25 mm y 0,1 m de espesor de película (DB-5HT de J & 
W Scientific) y utilizando helio como gas portador. Los diversos compuestos se cuantificaron 
utilizando una curva de calibración realizada con mezclas de patrones (los coeficientes de 
correlación fueron mayores del 99%). 
  En la Figura 1 se muestra el análisis por cromatografía de gases del extracto lipofílico de la 
pasta kraft de eucalipto control (A) y del extracto de la pasta kraft de eucalipto tratada con lacasa 
en presencia de HBT (B). Dicho análisis pone de manifiesto que el tratamiento con lacasa-HBT 
elimina totalmente tanto los esteroles libres como los ésteres de esteroles y glucósidos de esteroles 
presentes en la pasta de eucalipto. Estos compuestos son los principales responsables de la 
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formación de depósitos de pitch durante el proceso de producción de pasta de papel a partir de 
madera de eucalipto y se encuentran en gran proporción en las pastas crudas y blanqueadas con 
secuencias TCF. 
 La pasta tratada y la pasta control se examinaron mediante microscopía electrónica de barrido a 
baja temperatura, así como mediante microscopía de fluorescencia tras tinción con filipina, que 
reacciona específicamente con el sitosterol formando complejos fluorescentes. En el primer caso se 
observó la desaparición del material depositado entre las fibras (una parte del cual probablemente 
corresponde a depósitos de pitch) tras tratamiento con el sistema lacasa-mediador (Figura 2). En el 
segundo caso, la tinción del sitosterol con filipina mostró una importante eliminación de este 
compuesto (especialmente abundante en las células de los radios parenquimáticos presentes en la 
pasta) tras el tratamiento con el sistema lacasa-mediador (Figura 3).  
Ejemplo 2. Tratamiento de pasta termomecánica de Picea con lacasa (de Pycnoporus
cinnabarinus) y HBT (1-hidroxibenzotriazol)  
Para comprobar la efectividad del tratamiento con lacasa-mediador para la eliminación de los 
compuestos responsables de la formación de depósitos de pitch en la fabricación de pasta de Picea, 
se trató pasta termomecánica de Picea abies, con un alto contenido en triglicéridos, ésteres de 
esteroles, ácidos resínicos y ácidos grasos. 
 10 g de pasta cruda de Picea (obtenida tras el primer refino) con una consistencia del 10% se 
trataron durante 2 h a 50ºC con 20 U de lacasa/g de pasta en presencia del mediador HBT al 1.5% 
(p/p) utilizando tampón tartrato 50 mM, pH 4, bajo una corriente húmeda de oxígeno. 
Simultáneamente se realizaron controles sin enzima en las mismas condiciones. Las pastas tratadas 
enzimáticamente, así como los controles se secaron y extrajeron en Soxhlet con acetona durante 8 
h. La fracción extraíble se secó y los compuestos solubles en cloroformo se analizaron y 
cuantificaron por cromatografía de gases y cromatografía de gases acoplada a espectrometría de 
masas según las condiciones detalladas en el Ejemplo 1. 
 En la Figura 4 se muestran los cromatogramas obtenidos tras análisis por cromatografía de gases 
de los extractos lipofílicos de la pasta termomecáncia de Picea abies control (A) y de dicha pasta 
tras tratamiento con lacasa en presencia de HBT (B). Dicho análisis pone de manifiesto que el 
tratamiento de la pasta termomecánica de Picea con la lacasa-HBT reduce los triglicéridos (en un 
90 %), ésteres de esteroles (en un 80%), esteroles libres (en un 90%), ácidos resínicos y ácidos 
grasos (en un 90%) presentes en la pasta de Picea. Estos compuestos son los principales 
responsables de la formación de depósitos de pitch durante el proceso de producción de pasta de 
papel a partir de madera de Picea. 
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Ejemplo 3. Tratamiento de pasta sosa-antraquinona de lino con lacasa (de Pycnoporus
cinnabarinus) y HBT (1-hidroxibenzotriazol) 
Para comprobar la efectividad del tratamiento de la pasta de lino con el sistema lacasa-mediador en 
la eliminación de los compuestos responsables de la formación de depósitos de pitch, se utilizó 
pasta sosa-antraquinona de Linum usitatissimum que contiene alcoholes grasos, esteroles libres, y 
glucósidos de esteroles. 
40 g de pasta cruda de lino (índice kappa 11) se trataron al 3% de consistencia durante 24 h a 
30ºC con 20 U de lacasa/g de pasta en presencia del mediador HBT al 3% (p/p) en tampón tartrato 
50 mM, pH 4, y en presencia de Tween 80 al 0,05 % en un reactor con oxígeno presurizado (6 bar). 
Las pastas tratadas enzimáticamente, así como los correspondientes controles se secaron y 
extrajeron en Soxhlet con acetona durante 8 h. La fracción extraíble se secó y los compuestos 
solubles en cloroformo se analizaron y cuantificaron por cromatografía de gases y cromatografía de 
gases acoplada a espectrometría de masas según las condiciones detalladas en el Ejemplo 1. 
 En la Figura 5 se muestra el análisis por cromatografía de gases del extracto lipofílico de la 
pasta de lino control (A) y de dicha pasta tras tratamiento enzimático con lacasa en presencia de 
HBT (B). Dicho análisis muestra que el tratamiento de la pasta sosa-antraquinona de lino con la 
lacasa-HBT reduce los alcoholes grasos (en un 80%), esteroles libres (en un 100%) y glucósidos de 
esteroles (en un 90%) presentes en dicha pasta. Estos compuestos son los principales responsables 
de la formación de depósitos de pitch durante el proceso de producción de pasta de papel a partir de 
fibra de lino. Puede observarse cómo el antiespumante que aparece en la pasta control, y es 
también causante de la formación de depósitos de pitch, se elimina casi completamente tras el 
tratamiento enzimático con lacasa-HBT.
Ejemplo 4. Tratamiento de pasta kraft de eucalipto con lacasa (de Pycnoporus cinnabarinus)
y siringaldehído (4-hidroxi-3,5-dimetoxibenzaldehído)  
Para comprobar la efectividad del sistema lacasa-mediador, utilizando un compuesto natural 
(formado durante la degradación de la lignina) como mediador redox, para la eliminación de los 
compuestos responsables de la formación de depósitos de pitch durante la fabricación de pasta de 
eucalipto, se utilizó pasta kraft de Eucalyptus globulus, que contiene esteroles libres, ésteres de 
esteroles y glucósidos de esteroles. 
 Partimos de una pasta inicial cruda con un índice kappa 15.8. Esta pasta (10 g) se sometió a un 
tratamiento con lacasa-mediador a presión atmosférica con burbujeo de oxígeno. El tratamiento se 
llevó a cabo utilizando lacasa (20 U de lacasa/g de pasta) en presencia de siringaldehído (6.75 mM) 
como mediador, a pH 4, durante 12 h a 50ºC, a una consistencia del 3% y con una agitación de 170 
rpm. La pasta tratada enzimáticamente fue posteriormente sometida a una etapa de blanqueo con 
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peróxido de hidrógeno en condiciones alcalinas. Simultáneamente se realizaron controles sin 
enzima ni mediador en las mismas condiciones. 
 Las pastas tratadas enzimáticamente y estas mismas pastas tras blanqueo con peróxido de 
hidrógeno, así como los correspondientes controles se filtraron, secaron y extrajeron en Soxhlet con 
acetona durante 8 h. Asimismo, los líquidos obtenidos tras el filtrado de las pastas tratadas 
enzimáticamente así como los correspondientes controles se extrajeron con metil-tert-butil-éter. La 
fracción extraíble de pastas y líquidos se secó con nitrógeno y los compuestos solubles en 
cloroformo se analizaron y cuantificaron por cromatografía de gases y cromatografía de gases 
acoplada a espectrometría de masas según las condiciones detalladas en el Ejemplo 1. 
 En la Figura 6 se muestra el análisis por cromatografía de gases del extracto lipofílico de la 
pasta control (pasta kraft de eucalipto) tras blanqueo con peróxido de hidrógeno (A) y del extracto 
de la pasta kraft de eucalipto tratada enzimáticamente (con lacasa en presencia de siringaldehído) 
tras blanqueo con peróxido de hidrógeno (B). Dicho análisis pone de manifiesto que el tratamiento 
con lacasa-siringaldehído (seguido de una etapa de peróxido) elimina totalmente tanto los esteroles 
libres (91%) como los ésteres de esteroles (100%) y glucósidos de esteroles (93%) presentes en la 
pasta de eucalipto. Estos compuestos son los principales responsables de la formación de depósitos 
de pitch durante el proceso de producción de pasta de papel a partir de madera de eucalipto y se 
encuentran en gran proporción en las pastas crudas y blanqueadas con secuencias TCF. 
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REIVINDICACIONES 
1. Sistema enzima-mediador caracterizado porque la enzima es una enzima oxidativa del grupo de 
las lacasas (EC 1.10.3.2), y el mediador es un compuesto químico que actúa como intermediario 
redox en la oxidación enzimática, para el control enzimático de los compuestos lipofílicos 
responsables de la formación de los denominados depósitos de pitch durante la fabricación de pasta 
de papel. 
 
2. Sistema enzima-mediador según la reivindicación 1 caracterizado porque los compuestos 
lipofílicos sobre los que actúa son extraíbles con solventes orgánicos tales como tolueno-etanol, 
diclorometano y acetona. 
 
3. Sistema enzima-mediador según la reivindicación 2 caracterizado porque los compuestos 
extraíbles lipofílicos sobre los que actúa son todos o algunos de los siguientes compuestos: 
esteroles libres, esteroles conjugados en forma de ésteres y glicósidos, triglicéridos, alcoholes 
grasos y ácidos resínicos. 
 
4. Un sistema enzima-mediador según la reivindicación 3 caracterizado porque los esteroles sobre 
los que actúa son sitosterol libre, ésteres de sitosterol, como oleato o linoleato de sitosterol, o 
sitosteril 3-D-glucopiranósido.  
 
5. Un sistema enzima-mediador según las reivindicaciones 1 a 4, caracterizado porque la lacasa es 
obtenible de cultivos de hongos del grupo de los basidiomicetos ligninolíticos, preferentemente a 
partir de cepas monocarióticas o dicarióticas de Pycnoporus cinnabarinus o especies próximas. 
 
6. Un sistema enzima-mediador según la reivindicación 5, caracterizado porque la lacasa es 
obtenible de Pycnoporus cinnabarinus CECT 24448. 
 
7. Un sistema enzima-mediador según cualquiera de las reivindicaciones anteriores caracterizado 
porque el mediador redox es un compuesto sintético, preferentemente 1-hidroxibenzotriazol (HBT) 
u otros compuestos de tipo N-OH. 
 
8. Un sistema enzima-mediador según cualquiera de las reivindicaciones de la 1 a la 6 
caracterizado porque el mediador redox es un mediador natural, preferentemente producido por 
hongos, o una especie química estructuralmente relacionada. 
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9. Un sistema enzima-mediador según cualquiera de las reivindicaciones de la 1 a la 6 
caracterizado porque el mediador redox es un compuesto natural formado durante la degradación 
de la lignina, preferentemente ácido 4-hidroxibenzoico, ácido p-cumárico, siringaldehído, 
vainillina, acetosiringona, o diferentes hidroquinonas y especies químicas estructuralmente 
relacionadas.
 
10. Procedimiento para el control enzimático de los compuestos lipofílicos responsables de la 
formación de los denominados depósitos de pitch durante la fabricación de pasta de papel 
caracterizado porque utiliza un sistema enzima-mediador según cualquiera de las reivindicaciones 
de la 1 a la 9. 
 
11. Procedimiento según la reivindicación 10 caracterizado porque el sistema enzima-mediador se 
aplica sobre la pasta de papel (antes o después del blanqueo) o sobre los líquidos de proceso 
procedentes de la cocción, el lavado o el blanqueo de la pasta de papel. 
 
12. Procedimiento según las reivindicaciones 10 y 11 caracterizado porque al menos el 20%, 
preferentemente al menos el 30%, el 40%, el 50%, el 60%, el 70%, o al menos el 90% de los 
compuestos lipofílicos responsables de la formación de los denominados depósitos de pitch se 
eliminan de la pasta de papel o de los líquidos resultantes del proceso. 
 
13. Procedimiento según la reivindicación 12 caracterizado porque los compuestos lipofílicos 
responsables de la formación de los denominados depósitos de pitch son compuestos lipofílicos 
extraíbles con disolventes orgánicos, tales como tolueno-etanol, diclorometano y acetona; 
preferentemente todos o algunos de los siguientes compuestos: esteroles libres, esteroles 
conjugados en forma de ésteres y glicósidos, triglicéridos, alcoholes grasos y ácidos resínicos, más 
preferentemente sitosterol libre, ésteres de sitosterol y sitosteril 3-D-glucopiranósido. 
 
14. Procedimiento según las reivindicaciones de la 10 a la 13 caracterizado porque elimina aditivos 
indeseables, tales como antiespumantes, y tintas de papel reciclado. 
 
15. Procedimiento según las reivindicaciones de la 10 a la 14 caracterizado porque la madera 
utilizada como materia prima para la fabricación de pasta de papel es madera de frondosas 
(angiospermas leñosas). 
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16. El procedimiento según la reivindicación 15, caracterizado porque la madera utilizada como 
materia prima para la fabricación de pasta de papel es madera de especies de eucalipto, chopo, 
álamo, abedul o acacia. 
 
17. El procedimiento según la reivindicación 16, caracterizado porque la madera utilizada como 
materia prima para la fabricación de pasta de papel pertenece a las especies Eucalyptus globulus, 
Eucalyptus camaldulensis, Eucalyptus grandis, Populus tremula, Populus tremuloides, Betula 
pendula, Betula tremula o Acacia mangium. 
 
18. El procedimiento según las reivindicaciones de la 10 a la 14 caracterizado porque la madera 
utilizada como materia prima para la fabricación de pasta de papel es madera de coníferas 
(gimnospermas leñosas). 
 
19. El procedimiento según la reivindicación 18, caracterizado porque la madera utilizada como 
materia prima para la fabricación de pasta de papel es madera de especies de los géneros Picea o 
Pinus. 
 
20. El procedimiento según la reivindicación 19, caracterizado porque la madera utilizada como 
materia prima para la fabricación de pasta de papel pertenece a las especies Picea abies, Pinus 
sylvestris, Pinus taeda, Pinus contorta o Pinus virginiana. 
 
21. El procedimiento según las reivindicaciones de la 10 a la 14 caracterizado porque la materia 
prima utilizada para la fabricación de pasta de papel procede de plantas herbáceas o arbustivas, 
incluyendo subproductos agrícolas. 
 
22. El procedimiento según la reivindicación 21 caracterizado porque la materia prima utilizada 
para la fabricación de pasta de papel procede tanto de plantas del grupo de las dicotiledóneas 
(incluyendo, entre otras, lino, cáñamo, kenaf, algodón y yute) como de las monocotiledóneas 
(incluyendo, entre otras, sisal, abacá, miscanto, esparto, trigo, bambú y bagazo de caña de azúcar). 
 
23. El procedimiento según la reivindicación 22 caracterizado porque la materia prima utilizada 
para la fabricación de pasta de papel procede tanto de plantas del grupo de las dicotiledóneas, 
incluyendo, entre otras, Linum usitatissimum, (lino), Cannabis sativa (cáñamo), Corchorus 
capsularis y Corchorus olitorius (yute) y de las monocotiledóneas incluyendo, entre otras, Agave 
sisalana (sisal) y Musa textilis (abacá). 
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24. El procedimiento según las reivindicaciones de la 10 a la 23, caracterizado porque la pasta de 
papel se fabrica mediante los procedimientos de pasteado denominados mecánicos, incluyendo 
pastas obtenidas mediante molienda de troncos, mediante molienda de astillas en refinadores, y 
mediante métodos termomecánicos. 
 
25. El procedimiento según la reivindicación 24 caracterizado porque la pasta mecánica se trata con 
peróxido de hidrógeno, ditionito u otros reactivos para la obtención de papeles blanqueados. 
 
26. El procedimiento según las reivindicaciones de la 10 a la 23, caracterizado porque la pasta de 
papel se fabrica mediante los procedimientos de pasteado denominados químicos, incluyendo 
cocción kraft, cocción a la sosa (con o sin adición de antraquinona como catalizador) o cocción al 
sulfito. 
 
27. El procedimiento según las reivindicaciones de la 10 a la 23, caracterizado porque la pasta de 
papel se fabrica mediante una combinación de los procedimientos de pasteado denominados 
mecánicos y químicos. 
 
28. El procedimiento según las reivindicaciones 26 y 27 caracterizado porque la pasta de papel se 
blanquea por los procedimientos denominados TCF (totalmente libres de cloro), ECF (libres de 
cloro elemental) u otros. 
 
29. El procedimiento según las reivindicaciones de la 10 a la 14, caracterizado porque la pasta de 
papel se obtiene mediante reciclado de papel viejo, procedente de diferentes materias primas 
originales. 
 
30. El procedimiento según las reivindicaciones 17, 26 y 28 caracterizado porque el control 
enzimático de los depósitos de pitch se aplica durante la fabricación de pasta kraft de madera de 
Eucalyptus globulus blanqueada mediante procedimientos ECF o TCF. 
 
31. El procedimiento según las reivindicaciones de la 10 a la 30, caracterizado porque el sistema 
enzima-mediador utilizado para el control enzimático del pitch se aplica a la pasta tras la cocción, 
durante el blanqueo o al término de éste. 
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32. El procedimiento según la reivindicación 31, caracterizado porque la lacasa se aplica a una 
concentración comprendida entre 0,01 y 250 U/g de pasta, y preferentemente entre 0,1- 25 U/g de 
pasta. 
 
33. El procedimiento según la reivindicación 31, caracterizado porque los mediadores redox se 
aplican a una concentración de 0,1% a 10% (respecto a peso seco de pasta) y preferentemente a una 
concentración de 1% a 3% (respecto a peso seco de pasta).  
 
34. El procedimiento según las reivindicaciones de la 10 a la 30, caracterizado porque el sistema 
enzima-mediador utilizado para el control enzimático del pitch se aplica a los líquidos de proceso 
procedentes de la cocción, el lavado de la pasta, o el blanqueo de la misma.  
 
35. Procedimiento según la reivindicación 34 caracterizado porque la lacasa del sistema enzima-
mediador puede aplicarse en forma libre o inmovilizada en un soporte adecuado. 
 
36. El procedimiento según la reivindicación 34 caracterizado porque la lacasa se aplica 
preferentemente a una concentración comprendida entre 0,1-1000 U/l de líquido de proceso.  
 
37. El procedimiento según la reivindicación 34, caracterizado porque los mediadores redox 
utilizados conjuntamente con la lacasa se aplican a una concentración de 0,1 g/l a 10 g/l y 
preferentemente a una concentración de 1 g/l a 3 g/l. 
 
38. El procedimiento según cualquiera de las reivindicaciones 10-37 caracterizado porque el 
sistema enzima-mediador se aplica a una temperatura comprendida entre 4ºC y 90ºC, y más 
preferentemente de 30ºC a 60ºC. 
 
39. El procedimiento según cualquiera de las reivindicaciones 10-37 caracterizado porque el 
tratamiento utilizado para el control enzimático del pitch se aplica a un pH entre 3 y 9, y más 
preferentemente entre 3,5 y 6,5. 
 
40. El procedimiento según cualquiera de las reivindicaciones 10-37, caracterizado porque el 
tratamiento utilizado para el control enzimático del pitch se aplica durante un tiempo entre 10 
minutos y 24 horas, y más preferentemente entre 30 minutos y 6 horas. 
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41. El uso del sistema enzima-mediador según cualquiera de las reivindicaciones 1 a 9 para el 
control del pitch. 
 
42. El uso de la reivindicación 41, en combinación con una lipasa y/o una lipoxigenasa. 
 
43. El procedimiento de cualquiera de las reivindicaciones 10-40 que incluya una etapa posterior de 
tratamiento de la pasta con una lipasa y/o una lipoxigenasa.  
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5. Conclusiones 
En la presente Tesis se ha estudiado en detalle la composición química de la madera de diversas 
especies de eucalipto (E. globulus, E. nitens, E. maidenii, E. grandis y E. dunnii) comúnmente 
utilizadas para la producción de pasta de papel, poniendo especial énfasis en los lípidos y la 
lignina. Además se ha estudiado la evolución de estas dos fracciones durante la fabricación y el 
blanqueo enzimático de la pasta de papel obtenida a partir de madera de E. globulus. Las 
principales conclusiones obtenidas se citan a continuación: 
1. Las maderas de las cinco especies de eucalipto estudiadas se caracterizan por un contenido 
bajo en lípidos (0.3-0.6%) y lignina (18-22%), siendo la especie E. globulus la que presenta 
un menor contenido en ambos componentes. 
2. Los compuestos lipofílicos más abundantes en las maderas estudiadas son esteroles libres y 
conjugados (principales responsables de los depósitos de pitch), así como cantidades 
menores de ácidos grasos y monoglicéridos. 
3. Las ligninas de las maderas de las diferentes especies de eucalipto estudiadas presentan una 
mayor proporción de unidades S que de G, observándose la mayor relación S/G en la 
especie E. globulus. Los  principales enlaces entre unidades presentes en la lignina de las 
distintas especies de eucalipto son los de tipo aril-éter -O-4’ (alrededor del 80%), 
seguidos por los de tipo resinol -’, mayoritariamente formado por siringarresinol 
(alrededor del 10%), junto con porcentajes menores de enlaces -5’/-O-4’ 
(fenilcumarano) y -1’/-O-’ (espirodienona). La elevada proporción de enlaces -O-4’ 
que se encontró en la lignina de la especie E. globulus, junto a su mayor relación S/G, hace 
que su madera sea más fácilmente deslignificable durante la cocción kraft. 
4. En la cocción kraft, se rompe una gran parte de los enlaces aril-éter -O-4’ del polímero de 
lignina, por lo que la lignina que se solubiliza (lignina kraft) presenta un gran contenido de 
enlaces -’ y contenidos bajos de enlaces -O-4’, además de una elevada relación S/G 
que indica que la lignina de tipo S se solubiliza más fácilmente. Por otro lado, la lignina 
residual que permanece en la pasta después de la cocción se caracteriza por presentar una 
distribución de enlaces muy similar a la lignina nativa de la madera.
5. Durante el blanqueo TCF se produce un descenso de subestructuras de tipo siringarresinol 
y un incremento de subestructuras -O-4’, además de un incremento simultáneo de grupos 
carbonilos conjugados, formados por la degradación oxidativa de la cadena lateral.
6. El sistema enzimático compuesto por la lacasa del hongo Pycnoporus cinnabarinus y el 
mediador sintético HBT muestra una gran eficacia para eliminar tanto la lignina residual 
como los lípidos residuales responsables de los problemas de pitch durante la producción 
de pasta de papel.
7. Como alternativa al mediador sintético HBT, se ensayaron distintos compuestos fenólicos 
como mediadores naturales de la lacasa en reacciones de deslignificación y eliminación de 
lípidos de la pasta, obteniéndose resultados muy prometedores con el siringaldehído y la 
acetosiringona.
En conclusión, la caracterización química de la madera de diversas especies de eucalipto, así 
como la evolución de sus principales componentes durante los procesos de cocción y blanqueo, 
ofrece una valiosa información para mejorar estos procesos utilizando tecnologías menos 
contaminantes. Este conocimiento contribuirá a un aprovechamiento industrial de la madera más 
respetuoso con el Medio Ambiente.
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